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Space progress, 1962 


BY ROBERT R. GILRUTH 

It is an honor to provide the editorial comments 
for this first issue of Astronautics and aerospace 
engineering . I believe that the merger of ARS 
and IAS exemplifies a trend of progress that is 
very prominent in our fast-moving space age. 
Working together to achieve common aims was 
one premise on which our nation began, and still 
operates. The progress of our space program dur- 
ing the past four years has been strongly influ- 
enced by the exceptional cooperation of the Fed- 
eral civilian-military-industry team. 

During the past year, we have seen an excellent 
example of this progress, the three successful 
manned orbital flights that met the original objec- 
tives of Project Mercury. We will soon take a 
more ambitious step into space, a one-day manned 
mission with a modified Mercury spacecraft. This 
mission will provide an opportunity to examine fur- 
ther man’s physiological responses to weightless- 
ness and will provide experience concerning the 
adequacy and reliability of our basic Mercury sys- 
tems during more prolonged periods in the space 
environment. 

During the past year, moreover, Project Gemini 
became an approved program. This project is 
the necessary step that bridges the “relatively 
simple” Mercury missions and the highly com- 
plex Apollo lunar program. Project Gemini will 
afford an opportunity to explore the problems as- 
sociated with more prolonged weightlessness and 
to gain the necessary experience in new techniques 
such as rendezvous and docking. Without the 
benefits gained from this program, the technologi- 
cal jump would be difficult, if not impossible. In 
addition, Gemini, being a second-generation 
manned spacecraft, has the initial capability for 
exploring other mission potentials, such as extra- 
vehicular operation, resupply and crew transfer, 
ferrying personnel to orbiting space stations, ap- 
proach and inspection of objects orbiting in space, 
and maintenance and crew rescue. 

Project Apollo passed significant milestones 
during the year. Management concepts were 
evolved and the National Aeronautics and Space 


Administration built an organization to implement 
the many facets of the program. Its Office of 
Manned Space Flight in Washington, D.C., is re- 
sponsible for planning and controlling the total 
program and for integrating its various phases. 
The Marshall Space Flight Center has responsibil- 
ity for the launch vehicle and for managing both 
the Michoud assembly plant and the Mississippi 
Test Facility. The Launch Operations Center at 
Cape Canaveral is responsible for providing the 
facilities at the Cape and for the launch of the 
vehicle. The Manned Spacecraft Center provides 
the manned spacecraft, and the mission-planning 
and flight-control aspects of the program. The 
past year saw prime contracts awarded for the 
various elements of the spacecraft. Decisions 
have been made and are being implemented with 
respect to use of the three-stage Saturn C-5 as the 
launch vehicle, the use and expansion of the Cape 
Canaveral area as the launch site, and the use of 
lunar-orbit rendezvous as the mode of operation 
for lunar landings. Major emphasis is presently 
being placed on design, development, and construc- 
tion of these vehicles and facilities. 

With regard to future progress, NASA utilizes 
all of its Centers directly or indirectly in working 
toward long-range goals of spaceflight. The vari- 
ous Centers must make contributions in the areas 
of research and studies on propulsion systems, or- 
bital rendezvous, lunar landing, flight control, nav- 
igation and guidance, entry and environmental 
physics, and space biology. These efforts, how- 
ever, constitute only part of what will be needed 
to achieve the goals of the manned spaceflight 
program. 

Other organizations must produce flight hard- 
ware, test facilities, and general support. The 
Department of Defense, the Weather Bureau, the 
Atomic Energy Commission, and other federal 
agencies have directly supported the program, for 
example, as in Project Mercury. There the Air 
Force provided the launch vehicles and acted as 
NASA representative to the launch-vehicle con- 
tractors. This same procedure still exists for 
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Project Gemini, a program that will use three 
different propulsion vehicles. DOD provided medi- 
cal monitoring support during Mercury flights and 
assisted in analyzing the data obtained, provided 
facilities for use in the selection and training of 
the astronauts, and provided the recovery forces. 
There are still other contributions too numerous 
to mention; but, without this cooperation, Mer- 
cury could not have been implemented, and the 
other manned space programs would not have ad- 
vanced as far as they have. 

Industry provides another area of direct sup- 
port, and the amount of this support is as large 
and varied as the number of contractors contribut- 
ing. Besides the prime contracts and subcontracts 
for furnishing the space-vehicle hardware and 
supporting equipment, there are many minor con- 
tracts with universities and small companies for 
services, associated equipment, studies, and 
testing. 

It takes a powerful common effort, welding 
these national resources, to make a program like 
Mercury a success.- The programs of the future 
will be more ambitious. I am speaking not only of 
the numbers of people or cost, although these will 
grow greatly for a few years before the trend be- 
gins to stabilize. I am more concerned with the 
general attitude toward manned spaceflight. 

There will be massive research, engineering , 
and development efforts necessary for advanced 
programs, such as the design and development of 
vehicles capable of interplanetary travel ; for 
knowledge of the universe can be obtained only by 
using space vehicles of considerably increased 
capability. The design and development of ad- 
vanced systems will aid in achieving this increased 
capability, but probably an equally important and 
influencing factor will be the talent to employ in- 
telligent and decisive methods of keeping pace 
with the momentum of our technology. We must 
have aggressive planning and thinking to take full 
advantage of the invention, research, and develop- 
ment that will effect our over-all plan. Industry 
and government agencies must take the initiative 
in their respective fields to push the state of the art 
to the limits. 

Although we can see over the horizon toward 
subsequent programs (and we must possess the 
capability to look far ahead), we must approach 
Programs through logical steps. Each step has its 
own milestones that must be traversed to reveal 
clearly how we can reach our goals in space. 

Then, too, we must be constantly aware of reli- 
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ability and quality-control requirements in the ad- 
vancement of space technology. The first consid- 
eration is simplicity of design and the budgeting 
of element reliabilities from an over-all numerical 
value. The responsibility must rest on the space- 
craft designer, who budgets to the subsystems the 
requirements on the degree of redundancy and 
other measures for improving reliability. Second, 
the confidence of randomly selecting samples for 
qualification purposes cannot be justified unless all 
supposedly identical parts from the assembly are 
truly identical in all essential features. To 
achieve a degree of control, all components requir- 
ing certification through qualification should be 
made up from sets of parts whose members have 
been produced consecutively on the same assembly 
line without an intervening change in design, proc- 
ess, or materials. Third, a strict control on the 
identification and use of parts is necessary to in- 
sure that all suspect parts can be readily located, 
should a need arise to remove and replace any that 
reveal a deficiency. 

In the area of inspection, flight-safety consid- 
erations and the limited number of articles in- 
volved in our programs make it reasonable to re- 
quire 100% inspection of all items. This selection 
process should help insure that defective and mar- 
ginal items are found and rejected. When an 
equipment malfunction does occur, failure anal- 
ysis and decisions for corrective action must take 
place immediately. This can often be done best 
at the scene of the failure, where the availability 
of the part, the test apparatus, and the people in- 
volved in the test, provide the best opportunity for 
accurate determination of the pertinent facts. 

We have just mentioned people; and, in the final 
analysis, we will be concerned fundamentally with 
people — the many thousands of people who will be 
involved in the national space program. Each and 
every one of them must have that pride of work- 
manship which will assure quality. Achievement 
of true reliability will demand the individual who 
will never overlook or ignore, but rather will rec- 
ognize the slightest sign of trouble, and who will 
freely give the last bit of extra effort that so often 
spells the difference between success and failure. 

Our progress in space will be the result of a 
large team rising to meet the most challenging as- 
signment ever given to the American scientific, en- 
gineering, and industrial community. Every indi- 
vidual involved in this vital national program 
must give his best in a united effort to achieve our 
space goals. •• 
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From 

Mercury 

lo 

Mars 

BY MAXIME A. FAGET 
AND PAUL E. PURSER 

The cumulative 
technology of 
Mercury, Gemini, 
Apollo, and 
space-station 
operations 
will establish 
a sound base 
for manned 
interplanetary 
flight 


The NASA manned spaceflight pro- 
gram has the basic aim of exploring 
as much of the universe as practi- 
cal, using man as a sensor, com- 
puter, and decision-maker to im- 
prove exploration. In existence 
since the establishment of NASA 
in 1958, this program now includes 
as approved developments the Mer- 
cury one-man spacecraft, the 
Gemini two-man rendezvous space- 
craft, and the Apollo lunar-landing 
mission. 

Under study in the various 
NASA centers are more advanced 
missions, such as the orbiting space 
station, a lunar base, and inter- 
planetary manned missions. Al- 
though not yet approved programs, 
these advanced studies undertake to 
provide the basic technology for ex- 
tending our efforts when advisable. 

How can these various projects 
provide orderly progress in the goal 
of solar-system exploration? This 
is the question we would like to dis- 
cuss, first, in terms of general com- 
ments on the development process. 

The over-all planning of a total 
manned spaceflight program should 
be based on a logical sequence of 
steps. The planning of each indi- 
vidual project within such a total 
program should be similarly based. 
Individual projects should normally 
be established only to cover the 
greatest reasonable advance in capa- 
bilities that seems feasible within 
the state of the art at any given 
time. Future steps within the total 
program should be planned to take 
advantage of foreseen progress in 
the state of the art and individual 
projects should be so planned as to 
allow the insertion or use of unfore- 
seen real advances or break- 
throughs. Yet the goals of each 
phase of the program should be 
rather firmly established before- 
hand and care must be exercised to 
avoid delays resulting from con- 
tinual changes brought about by the 
insertion of apparent or less-con- 
sequential advances. The proverbial 
wisdom of the ages would be re- 
quired to completely avoid this para- 
doxical situation of planning for ad- 
vances but yet not letting changes 
introduced by the advances result in 
undue delays. 


The successful demonstration of 
man's capabilities in space and the 
advances made in spacecraft and 
launch-vehicle technology open a 
broad vista of possible manned 
spaceflight programs. Yet the na- 
tional economy and technical re- 
sources cannot conceivably support 
all the possible programs. For this 
reason, the attack on the space 
frontier must be pointed and deep, 
rather than broad. Each succeed- 
ing program must be planned not 
as an end in itself, but as both a 
useful mission and as a stepping- 
stone in technology leading to the 
next program. 

Many of us would agree sched- 
uling such far-reaching programs 
needs improvement over past prac- 
tice. It has been traditional, in this 
country at least, for planners to 
overestimate progress during the 
immediate future and to underesti- 
mate progress for the more distant 
future. The graph appearing on 
page 27 illustrates this point. The 
estimate made at T (0) will likely be 
optimistic for short times, because 
of a tendency to set tight schedules, 
based on the assumption that every 
system will work as planned. Set- 
ting tight schedules keeps each ele- 
ment of the system moving ahead at 
its maximum pace; and, for those 
systems which do not exhibit de- 
velopmental troubles, allows the in- 
troduction of advances in the state 
of the art. 

Some systems are prone to de- 
velopmental troubles. The tight 
schedule is not met and progress in 
the near future is less than esti- 
mated. The increased progress in 
the far future results both from the 
advances introduced as just stated 
and from the normally cautious ap- 
proach of planning on step-by-step 
progress and not purposely counting 
on breakthroughs occurring. 

To get the best progress, we think 
planners of future programs and 
projects should: 

1. Plan pointed, specific, and or- 
derly programs that provide useful 
short-term knowledge and lead 
logically into the next longer term 
step. 

2. Insure that estimates of near- 
future progress are not lowered. 
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3. Be prepared to make less prog- 
ress than estimated in the early 
phases of a program. 

4. Be prepared to encounter 
otherwise unforeseen advances 
which will speed progress in later 
stages of a program. 

5. Plan the approach to new pro- 
grams so that, although the goals 
are firm and not subject to contin- 
ual change, the plans are flexible 
enough to be modified to accept 
breakthroughs and advances in the 
state of the art. 

The present manned spaceflight 
program — Mercury, Gemini, and 
Apollo — each prosecuted to a suc- 
cessful termination, will develop a 
fairly strong technical base for 
planning future projects. 

The initial experience of manned 
spaceflight has been obtained in 
Mercury. This experience is not 
only applicable to flight and ground- 
operations crews but is also impor- 
tant in all phases of design engi- 
neering and management. Since 
Mercury is a simple spacecraft sys- 
tem, this experience will be greatly 
broadened in Gemini and then in 
Apollo. 

Gemini will provide the first at- 
tempts at maneuvering in space in 
which the magnitude and direction 
of the velocity changes made will be 
computed during the flight in re- 
sponse to the situation created dur- 
ing the mission. Similarly, the 
capability will be developed to land 
at a predetermined point by guiding 
the spacecraft in re-entry and de- 
scent attitudes. Gemini will also al- 
low longer flights and more complex 
experiments. 

Apollo will give the first deep- 
space navigation experience. In 
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many respects, Apollo will also have 
the first real mission. Its crew will 
be transported to the moon, and ex- 
periment, explore, and gather sam- 
ples there. In Mercury and Gemini, 
except for incidental experiments, 
the mission objective is to learn 
about spaceflight. The Apollo crew 
is expected to guide the craft down 
to the surface of a hostile world 
only vaguely understood in detail 
and extremely difficult to reach. 
This requirement is challenging our 
technology and is also stimulating 
the growth in this technology 
needed for our future projects. 
When Project Apollo achieves its 
initial goal, our technology will have 
attained greatly increased capabil- 
ity in launch vehicles, high-energy 
propulsion systems, deep-throttling 
rocket engines, guidance and navi- 
gation equipment of high accuracy 
and reliability, and great increases 
in propulsion system reliability, 
streamlined launch procedures, a 
greatly improved and expanded 
deep-space network, and many other 
such attainments. 

Future projects in the manned 
spaceflight program must be con- 
sidered in view of our present ef- 
forts. Developments in the prog- 
ress of both spacecraft and launch 
vehicles will represent significant 
increases in capability. As we have 
said, these improvements will be 
obtained only through large invest- 
ments in money and manpower, and 
for this reason future projects must 
both complement these efforts and 
represent in themselves significant 
improvements in desirable capabili- 
ties. 

Presently, three advanced proj- 
ects are receiving serious considera- 
tion — the orbital space station, the 
lunar base, and the interplanetary 
spaceship. Both the orbital space 
station and the lunar base are 
achievable within the capabilities 
of the advanced Saturn launch ve- 
hicle, and in this sense will profit 
from developments of the present 
program. The lunar base is not 
quite as clearly defined as the or- 
bital station (see page 52). A 
better assessment of this project 
will result when more is learned 
about the character of the moon 
from the Ranger and Surveyor proj- 
ects as well as from Apollo. 

Research has been in progress on 
multimanned orbiting space stations 
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during the last two years both 
within NASA and by contractors. 

The space station will allow scien- 
tific studies of meteoroids (density, 
velocity, size, and direction of 
flight) ; studies of the complete 
spectrum of space radiation; and 
astronomical observation at visible, 
ultraviolet, infrared, and radio fre- 
quencies; detailed investigations of 
weather patterns on earth and of 
the solar- and earth-radiated heat 
balance as affected by cloud cover 
and as it affects cloud cover; and 
detailed studies of the earth's geog- 
raphy, defining much better the 
relative location of many geo- 
graphic features on the earth’s 
surface. 

The space station or the lunar 
base will put investigations of ma- 
terials, structural systems, electri- 
cal power systems, communications, 
etc., in the real space environment, 
and so will eliminate the need for 
simulating or partially simulating 
these environments on the earth’s 
surface. They will allow engineers 
to study systems in space over long 
periods of time under more ade- 
quately controlled conditions of both 
observation and measurement. For 
instance, a large multimanned or- 
biting space station will allow long- 
term research into maintenance-free 
communications satellites. 

The large size and weight and ex- 
tremely long-duration missions of 
the manned space station, moreover, 
will permit investigation in the real 
space environment of many specific 
systems — environmental control, 
electric power, propulsion, commu- 
nication, navigation and guidance, 
etc. — required for manned plane- 
tary missions. 

This cumulative technology 
should indeed establish a sound 
basis for manned interplanetary 
flight and all this foresees. 

The first interplanetary space- 
ship project will probably be de- 
signed for an initial exploration of 
Mars; and the next generation of 
space hardware will be clearly rep- 
resented in the exploration of this 
planet. Virtually every aspect of 
the system will benefit from and 
perhaps be dependent on yet-to-be- 
developed improvements in technol- 
ogy. Some of these might be revo- 
lutionary departures from the past, 
such as nuclear propulsion. 

It is obviously premature to at- 
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tempt to conceive hardware designs 
of interplanetary spaceships in any 
significant detail. Yet it is impor- 
tant from time to time to try to vis- 
ualize future mission requirements 
so that today’s research and devel- 
opment efforts may perhaps be bet- 
ter focused. Let us discuss some 
considerations which will shape the 
design of this mission and which 
should influence research and de- 
velopment efforts in the interim. 

Mars has an orbital period of 
roughly 1.88 terrestrial years. Op- 
position presents the natural time 
for missions to be flown, and these 
occur at intervals of slightly over 
two years. Time and distance for 
the next several oppositions are as 
follows : 


DATE 

Feb. 3, 1963 
Mar. 8, 1965 
Apr. 13, 1967 
May 29, 1969 
Aug. 6, 1971 
Oct. 21, 1973 
Dec. 13, 1975 


DISTANCE (mi.) 

61,700,000 

61.700.000 

56.200.000 

45.300.000 

34.600.000 

40.600.000 

53.100.000 


Eccentricity of the planetary or- 
bits (primarily Mars) causes oppo- 
sition distance to vary, and a 2-deg 
difference in the orbital planes of 
earth and Mars results in a varia- 
tion of the energy (velocity) re- 
quired to make the mission at each 
opposition. Low-energy transfers 
require approximately a half year 
each way, depending on the distance 
at opposition. 

Then the nature of the mission — 
fly-by, orbital reconnaissance, ren- 
dezvous with a Martian moon, or 
planetary landing — naturally affects 
total energy requirement. 

The fly-by mission will demand 
the least energy but will also have 
the least scientific value. It will 
give the crew an opportunity for a 
close-up observation of Mars. This 
mission may be feasible within 
Saturn launch-vehicle capability, es- 
pecially if earth rendezvous were to 
be employed. Assuming only minor 
velocity adjustments would be made 
during the mission, the proximity of 
the fly-by to Mars would depend on 
the velocity in the vicinity of Mars 
and the amount the spacecraft path 
was to be deflected. For this rea- 
son, the proximity will be totally 
dependent on the manner in which 
the whole mission is planned. The 
shorter the total mission (higher 
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energy), the closer will be the fly-by 
path. This is a necessary feature 
only of those missions in which it 
is desired that the spacecraft re- 
turn to earth without a major pro- 
pulsive thrust in the vicinity of 
Mars. 

In addition to providing the crew 
with a close-up optical observation 
of Mars, a fly-by mission could take 
advantage of other means of prob- 
ing for scientific information. De- 
tailed surface-temperature measure- 
ments could be made with bolom- 
eters. Spectrographic analysis of 
the atmosphere could be obtained 
by observing the entry wakes of 
probes. Similarly, bombs might be 
used to analyze surface constitu- 
ents. Other probes might be soft- 
landed on the surface for more 
sophisticated investigations. All 
these many measurements, however, 
would have to be made during a 
short period when the crew would 
also be concerned with the most ex- 
citing exercises of the spacecraft’s 
navigation. Furthermore, these 
measurements are in many ways no 
better than those which might be 
obtained with a properly operating, 
rather sophisticated, unmanned 
probe. 

Mars orbital reconnaissance 
would differ from the fly-by mission 
by using rocket power in the vicin- 
ity of the planet first to enter into 
and then depart from an orbit about 
it. The use of propulsion in the 
vicinity of Mars releases the mis- 
sion from the proximity restraints 
which characterize the fly-by mis- 
sion. Significant savings in the 
energy requirements could be 
achieved by using an eccentric orbit 
entered (and left) at perigee, 
rather than by using a circular or- 
bit. This eccentric orbit would 
provide sufficient opportunity for 
close-up observation of Mars, as 
well as excursions through its mag- 
netic field and radiation belts. In 
general, the same types of measure- 
ments would be made as those in 
the fly-by mission, except that there 
would be a much longer time for 
observation and an opportunity to 
approach much closer to the Martian 
surface. 

Mars has two very small, appar- 
ently natural, satellites — Phobos 
and Deimos, conservatively esti- 
mated at 10 and 5 mi. in diam, re- 
spectively. Lacking significant 
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gravity, these satellites can be 
landed on simply through orbital- 
rendezvous techniques. The satel- 
lites have orbits essentially in the 
plane of the Martian equator, and 
so inclined to the ecliptic by about 
25 deg. Making this plane change 
in approach will require additional 
energy. 

These two moons are in fairly low 
orbits, Phobos 3300 n. mi. above the 
surface and Deimos 11,000 n. mi. 
Besides being interesting in them- 
selves, they should be ideal sites for 
long-duration research instrumen- 
tation set up to observe the planet 
throughout its seasons (assuming 
the near certainty that they have 
reached a fixed relative orientation 
to Mars through gravity-vector sta- 
bilization and magnetic damping). 

The mission designed to land men 
on the surface of Mars will not only 
require the largest and most com- 
plex spacecraft system, but will 
also provide the greatest return in 
scientific data. This mission will 
require much more propulsive en- 
ergy for velocity changes than those 
previously described, especially in 
any short-duration flight attempted. 
The Mars landing mission may have 
to await the development of nuclear 
propulsion to be considered practi- 
cal. 

A number of alternate mission 
schemes may be considered. The 
use of a separate landing module 
as will be used in Project Apollo is 
certainly an obvious contender. 
This landing module may be 
launched from either a close-in cir- 
cular orbit or a highly eccentric or- 
bit with a low perigee. The circu- 
lar orbit would require the least 
performance from the excursion 
module, but would require more per- 
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formance from the mother ship. 
Since the lander can use atmos- 
pheric braking for descent, this 
tradeoff would appear to favor the 
elliptical orbit from a performance 
standpoint. Operationally, however, 
the circular orbit would appear to 
be somewhat simpler. 

In the Apollo mission analysis, 
clear-cut performance gains were 
shown for the rendezvous technique. 
Since Mars has an atmosphere, a 
new performance tradeoff study 
would be required for this condi- 
tion to determine if the advantage 
would still remain. 

Operationally, however, the di- 
rect-landing technique may be hard 
to justify. It would commit an ex- 
tremely complicated and heavy 
spaceship to a landing on the far 
side of the planet without the bene- 
fit of updated reconnaissance. This 
vehicle would also have to make a 
successful hypervelocity atmos- 
pheric maneuver with the very 
awkward-to-carry propulsive capa- 
bility necessary for return to earth. 

The employment of earth-orbit 
rendezvous for assembly of the total 
mission capability will most likely 
be required. Reliability might be 
enhanced by use of a fleet of two 
or three vehicles, rather than a 
single spacecraft. The fleet ap- 
proach may also be used to improve 
capability through resupply or re- 
fueling in transit. Perhaps the 
most significant manner in w r hich 
in-transit rendezvous could be em- 
ployed would be a pickup maneuver 
immediately after trans-earth injec- 
tion. In this event, the pickup 
craft would trail the landing party 
by several weeks during the out- 
bound journey. It would be guided 
along a fly-by trajectory and hence 
would require only modest propul- 
sion capabilities. The spacecraft 
would leave the surface of Mars, on 
an orbit about Mars, at the proper 
time to rendezvous with the pickup 
vehicle on the homeward-bound leg. 
While this may be considered a 
high-risk operation, it may be fa- 
vored as a scheme that would lie 
within practical chemical-rocket 
capability. 

Many unknown environmental 
factors contribute to uncertainty in 
the design approach. It is hoped 
that more factual information on 
the environment can be obtained 
during the same period in which 


spacecraft technology is improving. 
Mission and system analysis can 
then be carried out with a minimum 
amount of guesswork when the time 
comes for the final design decisions. 

More facts about the Martian 
weather need to be known. The 
velocity and direction of surface 
winds and the nature of any sand- 
storms are certainly important 
considerations. Apparently there 
are seasonal effects and, un- 
doubtedly, there are variations with 
time of day and latitude. It might 
be mentioned that a special statis- 
tical study of wind and wave condi- 
tions in the Atlantic Ocean had to 
be made as part of the operational 
analysis that went into the landing 
system design for Mercury. Not 
as much will be known about Mar- 
tian weather as about Atlantic 
Ocean weather. The result will un- 
doubtedly be the use of design mar- 
gins as a substitute for knowledge. 

At this time, only conjectures can 
be made about magnetic fields and 
trapped radiation belts about Mars. 
However, a mission envisioning an 
extended period of orbiting the 
planet must include an estimate of 
the radiation dose. There is also 
a need for knowledge of the micro- 
meteorite flux in the regions of 
space between Mars and earth. Al- 
though Mariner gave indications of 
decreased micrometeorite encoun- 
ters as it left the vicinity of earth, 
this can only be considered a favor- 
able sign. Mars is much closer to 
the asteroid belt and may also share 
the earth’s apparent ability to con- 
centrate micrometeorites. 

The surface characteristics of 
Mars and its atmosphere are not as 
well defined as might be wished. It 
does not seem likely that a horizon- 
tal landing would be employed on 
the initial attempt. For this rea- 
son, improved knowledge will not 
strongly affect the design approach. 
The biological environment, on the 
other hand, will undoubtedly be an 
issue of concern from the stand- 
point of extra-vehicular operations. 

From a communication stand- 
point, the possible existence of ion- 
ized layers that would block part of 
the transmission spectrum may be 
of interest. It would seem unlikely, 
however, that this would include 
part of the spectrum not already 
blocked by the earth’s layers. Thus, 
this would only be a consideration 


in choosing a frequency for com- 
municating between the landing ve- 
hicle and the mother ship. 

More information can undoubt- 
edly be obtained with improved ob- 
servation of Mars from the earth’s 
surface. It is safe to predict, how- 
ever, that only modest changes in 
the total knowledge of the planet 
can be obtained in this manner dur- 
ing the next decade. The necessary 
knowledge of the environment of 
the mission must come from other 
sources. Primarily, improvements 
can be obtained by use of manned 
fly-by and Mars-orbital missions 
and possibly from unmanned probes 
sent to the vicinity and the surface 
of Mars. Because Mars has an at- 
mosphere, the landing of probes, 
particularly those launched from a 
manned Mars-orbital spacecraft, 
should not be too difficult. The sim- 
plicity of atmospheric deceleration 
and aerodynamic stability, as op- 
posed to rocket deceleration and 
black-box stability, will go far to 
overcome the difficulties associated 
with the remoteness of the planet. 
Such probes would not only be of 
immediate value to science, but 
would materially assist the manned 
mission. 

Moreover, the knowledge of Mars 
might be greatly enhanced by ob- 
servations from an earth-orbit 
space station or a lunar base. The 
almost continuous observation of 
Mars will be very valuable in as- 
sessing the seasonal and daily varia- 
tions in the surface environment 
and will, perhaps, provide a means 
for interpretation and evaluation 
not otherwise available. 

Special attention has been given 
here to the Mars-exploration mis- 
sion as the most advanced mission 
on which conjecture is timely. 
Again, we direct the reader’s at- 
tention to the fact that, in order to 
insure the proper planning of the 
utilization of the nation’s resources 
that can be committed to the space 
program, the frontier for explora- 
tion must be both pointed and deep. 
A broad attack on this frontier 
could absorb the total resources of 
the nation. It is important that 
the program goals selected be those 
giving a very high return per unit 
effort in the short range while at 
the same time opening opportuni- 
ties for similarly high gains during 
the next program generation. •• 
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BY WILLIAM M. BLAND JR. AND 
LT. COL. CHARLES A. BERRY, USAF, MC 

In its main 
objective, manned 
orbital flight, 
in its scientific 
and physiological 
operations, and in 
the main stream of 
spacecraft 
development, 

Project Mercury 
built a sharp 
measure for 
succeeding programs 


Project Mercury has given the 
world certain self-identifying items 
— the astronauts, the Mercury space- 
craft and its launch vehicle, and 
the Mercury control center — out- 
ward forms of a successful program. 
Here we will review some salient, if 
less obvious, features of the Mer- 
cury program, including its bio- 
medical and scientific results. 

The scope of Mercury operations 
since inception of the program in 
1958 is charted on page 31. From 
these operations it has been learned 
how to use and direct effectively the 
capabilities, resources, and know- 
how of many diversified and some- 
times widely scattered organizations 
to achieve a major national goal in 
a short time. 

After performing hundreds of 
thousands of tests on the compo- 
nents for the spacecraft and launch 
vehicle, completing hundreds of sys- 
tems tests, and making 140 full- 
scale tests, including the five 
manned spaceflights, certain things 
stand out that can be recognized as 
major reasons for the success of 
Project Mercury's space systems. 
Some were known and applied at the 
beginning of the program, others 
were developed as the program pro- 
gressed, and still a few others have 
become evident in retrospect. All 
should have a bearing on future 
programs, and they will therefore 
be spotlighted here. 

One of the significant technical 
facets of this program has been the 
careful and continuing attention 
given to detail in all phases of the 
program from design through flight 
training. It has taken major proj- 
ect management efforts to instill 
in industry the beginnings of the 
desire and conviction to provide this 
attention to quality and engineering 
detail that is required in order to 
achieve the necessary reliability for 
manrated space systems. At this 
time a beginning has been made; 
however, continued improvement in 
all levels of industry is still manda- 
tory as evidenced by the examples 
discussed in this paper. 

Early in the program, individual 
systems were carefully designed to 
fulfill the performance requirements 
in the real environment with as little 
weight cost as possible. At the 
same time, it was desired to utilize 
proven and qualified components in 
as straightforward a manner as pos- 


sible to save development time. 
During the course of the program, 
however, it became clear that these 
objectives would not produce the 
reliability desired without some ad- 
ditional detailed modifications to ac- 
commodate the rigors of the envi- 
ronment, the interaction between 
components and systems, and the re- 
quirement for flight safety to be 
preserved even though failures oc- 
curred. Thus, qualified perform- 
ance was accepted only after dem- 
onstration of successful operation of 
the systems under both the expected 
and the unexpected, but possible, en- 
vironmental conditions. These 
demonstrations were accomplished 
with simultaneous operation of all 
the systems that make up the com- 
plete spacecraft. The qualification 
for the unexpected conditions can 
often spell the difference between 
failure and success from both mis- 
sion and flight-safety viewpoints af- 
ter the expected environment has 
been changed by the malfunction of 
some component. 

On the other hand, it was a re- 
quirement from the beginning of the 
program that certain components 
would have to be able to operate 
satisfactorily for the length of time 
required to preserve flight safety 
even though other failures had oc- 
curred to prevent accomplishment 
of mission objectives. During a 
final part of the qualification pro- 
gram, an earthbound Mercury 
spacecraft completely equipped and 
fully instrumented was tested again 
and again through simulated mis- 
sions in a space environmental 
chamber. It was during these tests, 
with all the systems operating as 
integral parts of the complete space- 
craft as they would on space mis- 
sions, that it was determined that 
the sensors of the automatic control 
system could not provide the nec- 
essary margin of safety after a 
loss of spacecraft cabin pressure. 
Complete evaluation of the problem 
disclosed that the interaction of all 
systems during this condition im- 
posed a greater heat load on these 
particular components than analy- 
tical methods had predicted. Once 
the problem had been analyzed, cor- 
rective action was successfully ap- 
plied by replacing some of the com- 
ponents with others that were more 
temperature-tolerant. 

The tests with the earthbound 
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Mercury spacecraft disclosed de- 
ficiencies in many other areas when 
the systems were operated to- 
gether in flight configuration un- 
der mission-performance require- 
ments and near orbital environmen- 
tal conditions. These deficiencies 
had not been detected previously be- 
cause analytical methods had failed 
(as one might expect) to predict ac- 
curately the net integrated effects 
on particular components of sys- 
tems operating together as they 
would during an actual Mercury 
mission. Extensions of the environ- 
mental tests to higher and lower 
pressures than anticipated have 
also been of great benefit to Proj- 
ect Mercury, particularly in the 
fields of electrical and electronic 
components and to higher pressures 
for mechanical systems. 

Of course, using only proven 
components enhances the reliability 
of any program. But, even if it is 
possible to obtain proven compo- 
nents, constant vigilance must be 
maintained to prevent the some- 
times catastrophic side effects of 
seemingly innocuous, straightfor- 
ward “product improvement’* 
changes that are often made in com- 
ponents without proper considera- 
tion of possible indirect effects. 
Changes so minor in process or ma- 
terial that they could not be visually 
detected were accepted by some as 
“the thing to do.” Some of these 
changes were later found to pro- 
duce either bad side effects or 
would not do the job at all. From 
Mercury experience it has been 
found best to use this statement as 
a guide line, “Do not make changes 
for changes sake. Change only 
those items which must be changed 
and then closely scrutinize each and 
every change from every possible 
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point of view.” 

Maintaining launch preparations 
on a given schedule has always been 
important and becomes more impor- 
tant operationally as launch win- 
dows for some of our future manned 
space missions become smaller. In 
launch preparation, some schedule 
slippage occurs from component 
failures caused by excessive use, 
improper environment, or mechan- 
ical accident. It is important to 
recognize early in the design that 
some component failures can and 
will occur, and that therefore it is 
very important to provide easy 
access to components, particularly 
to those of limited lifetime, without 
causing many other systems or com- 
ponents to be removed, disturbed, 
or disconnected. Mercury experi- 
ence has shown that even with care- 
ful planning. and careful checkout 
procedures, some component re- 
placements become necessary when 
the lifetime of the components is 
extended beyond allowable limits by 
some other, and possibly unrelated, 
difficulty which has taken unsched- 
uled time in the launch preparation. 
For instance, replacement of the im- 
portant and life-limited carbon di- 
oxide absorber in the environmen- 
tal-control system became necessary 
prior to the MA-6 launch, because 
more time than had been planned 
was required to check out the sys- 
tem. This replacement required 
eight major equipment removals 
and four revalidations of unrelated 
subsystems for an over-all delay of 
about 12 hr. By comparison, re- 
placement of the carbon dioxide ab- 
sorber itself took only 1 1/2 hr. 
Most of the time was used to gain 
access to the absorber and then to 
restore the spacecraft to the condi- 
tion it was in just before replace- 
ment action. 

Project Mercury experience dem- 
onstrates that qualification is not an 
end in itself. Instead, it is the be- 
ginning of the intended useful life 
of a component or a system. In a 
number of cases, components have 
passed qualification tests, but then 
others of the same type have con- 
sistently failed or exhibited below- 
specification performance during 
more fully integrated systems tests 
or in actual flight. These failures 
have been traced on occasion to the 
use of “hand built” pilot models in 
the qualification program surviving 


conditions which later production 
counterparts could not take. 

An important part of the Mer- 
cury electrical power system suc- 
cessfully passed all the qualification 
tests, yet when installed in the 
spacecraft it exhibited numerous 
failures. These were laboriously 
traced to certain temperature-criti- 
cal components. The closeness of 
these to the heat source was recog- 
nized as being a possible problem 
in the hand-built model which 
passed the qualification tests. 
Their location, however, presented 
a problem in production of the part. 
A slight change in location of the 
critical components to facilitate 
production was thought to be insig- 
nificant, but this change caused an 
increase in component operating 
temperature that rendered the part 
unusable in the spacecraft. The 
solution was obviously the proper 
relocation of components. 

Failures have also been traced to 
qualification tests themselves being 
relaxed in some seemingly unimpor- 
tant areas because of oversight or 
lack of test equipment. A prime 
part of the attitude-control system 
used for the Mercury spacecraft 
experienced many problems which 
could have been detected and rem- 
edied early in the program had 
adequate facilities been available 
for simulating the space environ- 
ment. However, the vacuum-test- 
ing requirement was relaxed, and 
this, combined with the integrated 
spacecraft thermal balance, re- 
sulted in an unacceptable temper- 
ature feedback into this critical 
component of the attitude-orienta- 
tion system. This problem was re- 
solved by redesign of much of the 
hardware and the method of instal- 
lation. 

It has become most apparent, 
then, to those in the Mercury pro- 
gram that qualification programs 
must be properly aligned and exe- 
cuted and that the equipment being 
qualified must be identical with 
that to be used in the program. 

It has also been learned, more- 
over, that it is important for the 
subcontractor, the contractor, and 
the user to understand mutually the 
particular function that each com- 
ponent contributes to the whole sys- 
tem, so that delivery inspection tests 
by the subcontractor, acceptance in- 
spection checks by the contractor, 
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PROJECT MERCURY HISTORY AT A GLANCE 
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and pre-installation inspection 
checks are identical with one an- 
other and also detailed and severe 
enough to cause rejection of the 
units actually unsuited for use. 

It is most important the pro- 
cedures and checkout equipment 
used in the final plant assembly be 
identical with the equipment and 
procedures used in the final check- 
outs in the launch support area and 
at the launch site. Experience in 
Project Mercury verifies this. For 
example, after several spacecraft 
had been flown successfully, and a 
great deal of checkout experience 
gained, a decision was made to 
change the gas medium used to 
check a liquid-gas handling system 
for leaks. The change to an easier- 
to-handle gas was made to facili- 
tate the checkout, because it was 
found that a large portion of the 
leaks detected by the first gas were, 
in reality, quite liquid-tight, and 
thus the tedious checks were over- 
done. The change to the new me- 
dium was adopted by the team that 
checked out the spacecraft early in 
the schedule, but the team that did 
the checking on the same spacecraft 
immediately before launch contin- 
ued to use the first gas. The rest 
of the story should be obvious. 
That is, the first crew delivered a 
spacecraft that was leak-tight by 
one standard, but the second crew 
found many leaks with the first gas. 
Repair of these “leaks'’ caused addi- 
tional work, more wear and tear in 
the associated components, and de- 
lays in schedule, all of which were 
unnecessary. Of course, the answer 
to such problems is to make the 
checkout procedures uniform. 
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Identical equipment and proce- 
dures serve their purpose only when 
there is also a complete and updated 
interchange of experience among 
technical crews at the different sites. 
Nothing should be left to chance, 
even though the system checkouts 
are designed to detect human errors 
as well as equipment failures. Be- 
cause of human failings, systems 
must be so designed that they can 
be checked out, installed, connected, 
and operated in only one way if 
high reliability is to be achieved. 
Electrical connectors unintention- 
ally interchanged in the spacecraft 
and in the ground-checkout gear 
often evidenced the lack of applica- 
tion of this principle. Similar mis- 
takes can occur in hydraulic com- 
ponents and mechanical systems un- 
less positive steps are taken to re- 
quire connectors that cannot physi- 
cally be mated incorrectly. 

Because systems used in space ve- 
hicles have to be lightweight and 
have to operate efficiently to con- 
serve consumable materials under 
very severe conditions, they have to 
be designed to very close tolerances. 
These close tolerances mean that 
particular care must be taken to see 
that shortcomings in cleanliness and 
storagability do not offset the care- 
fully detailed design work, preci- 
sion manufacturing processes, tedi- 
ous qualification testing, and exact- 
ing checkout procedures. Experi- 
ence in Project Mercury indicates 
that detail design, including the 
choice of materials, should provide 
comfortable margins in anticipated 
shelf life to accommodate schedule 
delays and extensions of programs. 
Handling methods and storage con- 


ditions also play such important 
roles in shelf life that they must be 
carefully chosen and proven in the 
qualification program and then be 
carefully monitored throughout the 
project. Equally important is the 
maintenance of chosen cleanliness 
standards throughout all phases of 
fabrication assembly, checkout, in- 
stallation, and use. Many failures 
in Project Mercury have been di- 
rectly traceable to contaminants 
finding their way into components. 
Lax standards at all levels of pro- 
duction, assembly storage, and 
checkout caused these failures. 

For instance, out of one batch of 
several hundred failure reports 
written on components of the most 
“dirt-sensitive” systems, about 25% 
of the failures were traced directly 
to contaminants generated within 
the component or introduced inad- 
vertently during its life. Investiga- 
tions indicate that contamination 
contributed to another 25% of these 
failures. 

Caution should be exercised in the 
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application of such common things 
as lubricants. Even though quali- 
fied for use, with the particular ma- 
terials and environment being con- 
sidered, excessive amounts of lubri- 
cants can cause contamination 
problems as surely as can dirt from 
the floor. The trouble that Astro- 
naut Schirra had in establishing a 
comfortable suit temperature dur- 
ing the Sigma-7 mission was traced 
to excessive lubricant contaminat- 
ing a sensitive valve. Proper lubri- 
cation would have been provided by 
three drops of lubricant. Some- 
thing like six to 10 drops were used 
and the excess above three drops be- 
came a contaminant, and caused 
considerable concern and almost had 
serious consequences. This experi- 
ence illustrates the level of detail 
that must be controlled by quality 
specification and inspection to in- 
sure success. 

We can mention one last interest- 
ing experience with the over-all 
spacecraft system. It concerns 
weight growth, a common phenom- 
enon in an engineering development. 
The weight of the complete space- 
craft has increased almost 800 lb 
above the initial estimate made late 
in 1958, as the graph on page 31 in- 
dicates. The greatest rate of 
weight increase occurred early in 
the program, as might be expected. 

As the program progressed, the 
engineering became finalized and 
the weight control became tighter. 
This resulted in a decrease in the 
rate of increase to about 1.5 lb per 
week or to less than 0.04% per week. 
The significant fact is that even in 
the later stages of the program, the 
weight has continued to increase in 
spite of a determined effort to con- 
trol weight. Thus, it is emphasized 
that ample allowances for weight 
growth must be made early in a pro- 


gram to prevent redesign and at- 
tendant requalification during the 
program because even though gross 
weight decreases are made on oc- 
casion through reevaluation of the 
design and the missions (events A 
through D in the graph on page 31) , 
the weight does increase with time. 

Concerning mission planning, it 
has been found important to freeze 
the flight plan well ahead of the 
scheduled mission. This gives the 
flight crew sufficient time to train 
with a particular plan. The prepa- 
ration of this plan has started ear- 
lier and received more attention on 
each succeeding Mercury flight. Of 
course, preceding the actual freeze, 
care has to be taken to establish the 
desired plans and then to have them 
carefully reviewed so that the man- 
ner in which the basic mission ob- 
jectives are to be accomplished is 
mutually acceptable to flight crew, 
the operational staff, the medical 
advisers, and the engineering staff. 
Naturally, freezing of the flight 
plan must be accompanied by a simi- 
lar freeze in the spacecraft and 
launch-vehicle configurations, the 
launch-vehicle flight programming, 
and the recovery plans. Then, 
within the constraints established 
by these, by now, mutually accept- 
able plans, the flight crew and the 
operational staff must conduct the 
training exercise. From this point 
on, no changes should be made to 
the flight plan or flight hardware 
except those required to satisfy 
safety of flight measures, and then 
only after the representatives of the 
same organizations who agreed on 
the original plan have concurred 
with the changes. 

It has also been found very im- 
portant to avoid filling every avail- 
able moment of the flight with a 
planned crew or ground-station ac- 


tivity. Time must be available to 
investigate any malfunction in a 
system and to observe and measure 
the unexpected. The importance of 
an extra margin of time can be ap- 
preciated simply by remembering 
the automatic-control-system trou- 
bles encountered by one astronaut 
and the suit-temperature-control 
problem encountered by another. 
The problems were circumnavigated 
in considerably different ways by 
each pilot. The first pilot resolved 
his difficulty by resorting to emer- 
gency techniques because he had no 
time to isolate the trouble on a ra- 
tional basis. If he had had suffi- 
cient time, the chances are great 
that he woluld have made the retro- 
fire maneuver within nominal toler- 
ances in spite of the control system 
trouble. The other astronaut, on 
the other hand, largely as a result of 
experience obtained from former 
flights had a more leisurely flight 
plan and was able to devote almost 
all of his time to determining the 
proper setting for a comfortable 
suit temperature as long as it was 
a problem. He was able to resolve 
this difficulty in a straightforward 
manner. Thus, until more is 
learned about this new environment 
of space, it will be necessary to pro- 
vide ample time for possible adjust- 
ing of systems after their initial 
exposure to the real space environ- 
ment. Also, as in the case of all 
exploratory missions, time must be 
allocated for observing the unex- 
pected and the new, such as the 
“fireflies” observed in all three mis- 
sions and the luminous layer around 
the earth that has been the subject 
of observation and measurement on 
these flights. Time must also be 
programmed to allow the pilot to 
consider thoughtfully his reactions 
to weightlessness and its effects 
upon him. On the other hand, a 
delicate balance must be maintained 
in the flight plan so that the astro- 
naut does not have extremely long 
periods without any planned ac- 
tivities. 

Finally, the special equipment 
provided the flight crew for special 
tasks of measurement and observa- 
tion should be carefully designed 
for human operation in the weight- 
less environment and the confines of 
the suit and spacecraft. All equip- 
ment must be easily reached in 
the operational situation. The 
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PHYSIOLOGICAL RESPONSES OF MERCURY ASTRONAUTS 


Flight phase 

Heart rate, 
beats per min. 

Respiratory rate, 
breaths per min. 

Blood pressure 1 , mm Hg 
Systolic Diastolic 

Body temperature, F 


Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

Max. 

Min. 

All preflight 

160 

42 

40 

5 

155 

91 

120 

44 

101.5 

97 

Countdown 

140 

50 

30 

6 

139 

105 

94 

56 

99.2 

97 

Flight 

170 

56 

40 

8 





100.5 

97 

Launch 

164 

82 

40 

8 







Orbit 

114 

56 

26 

8 

143 

103 

94 

59 



Reentry 

170 

72 

32 

11 








aThree orbital flights, but no inflight data from MA-7; no determinations during launch and re-entry. 
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equipment must also be available 
long before the mission to give the 
crew an opportunity to become com- 
pletely familiar with its character- 
istics and operating procedures, so 
that its use becomes second nature 
during the mission. 

Training and simulator devices 
have proved valuable tools for pre- 
paring a man for spaceflight. But 
merely compiling hours in these de- 
vices does not accomplish the train- 
ing task. The pilot must have, in 
association, detailed training on the 
basic systems and plans for the 
mission so that complete under- 
standing is obtained to provide the 
basis for rational reaction to the 
unrehearsed situation. 

Besides preparing the pilot for 
normal and emergency flight duties, 
training must prepare him to carry 
out successfully the special experi- 
ments assigned his mission. For 
certain of these tasks, the pilot be- 
comes a laboratory experimenter, 
and each experiment demands cer- 
tain training. So far, many differ- 
ent training modes have been used 
to good advantage. These include 
lectures by the specialists, discus- 
sion with the associated scientists, 
familiarization sessions with special 
flight gear before the flight, and 
parallel study in the field of the ex- 
periment. During Project Mer- 
cury, the special training given the 
astronauts has produced properly 
trained experimenters for each 
mission. 

For a program to progress at a 
fast pace, it is necessary for man- 
agement to have the tools and in- 
formation necessary for making 
effective and timely decisions. 
Project Mercury has accomplished 
this objective by a continuing series 
of engineering and mission re- 
views, responsive to project devel- 
opment, that commenced soon after 
the contract was signed. 

Engineering, technical, configu- 
ration, and mission reviews have 
been held within Manned Space- 
craft Center on about a weekly basis 
to present up-to-date information 
on proposed technical changes, prob- 
lem areas, potential problem areas, 
and test results. At these meetings, 
the necessary day-to-day decisions 
were made to keep the program 
moving alone the chosen path. 

At other times, development en- 
gineering inspections were held at 
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the spacecraft contractor's plant as 
significant spacecraft approached 
delivery status. Also, composite 
testing and buy-off inspections were 
held at the launch-vehicle plant. 
These inspections were attended by 
top management and the best, most 
experienced supervisors, pilots, en- 
gineers, specialists, inspectors, and 
technicians. Results of these in- 
spections after thorough discussions 
manifested themselves in requests 
for action that had to be satisfied 
before the spacecraft or launch 
vehicle was accepted. 

Technical reviews, attended by 
top management, probably consti- 
tuted the most significant manage- 
ment tool used in Project Mercury 
to insure that the proper attention 
had been given to necessary details. 
These reviews were held in the days 
just before launch, and prepara- 
tions for them proceeded simultane- 
ously with the launch preparations. 
In the process of ascertaining that 
the material required for presenta- 
tion at the meetings would be ac- 
ceptable, the technical work in 
progress was reviewed in great de- 
tail and updated and corrected 
wherever necessary. At the re- 
views, then, the questions relating 
to the flight readiness of the space- 
craft, the launch vehicle, the crew, 
the network, the range, and the re- 
covery effort could be answered in 
the affirmative. The following phi- 
losophy, believed to be the basic 
reason for Mercury's operational 
success, ruled the reviews: “Mer- 
cury launchings will not take place 
in the face of known troubles or in 
the face of unresolved doubts of any 
magnitude that affect mission suc- 
cess or flight safety.” 

A basic objective of Project Mer- 
cury was to evaluate the physiologi- 
cal and psychological reactions of 
man in a space environment. This 
objective has been accomplished to 
the extent of the Mercury capa- 
bilities. The longest U.S. space- 
flight to date was Astronaut Schir- 
ra’s mission of about 9 hr, in Sigma 
7 on Oct. 3, 1962. The other manned 
spaceflights were of shorter dura- 
tion: two which lasted 4 1/2 hr, and 
two which gave about 5 min of 
weightless flight (MR-3 and MR-4). 

These flights have demonstrated 
that man is a useful, dependable — 
even a necessary — part of a space 
system. With this evidence, many 


redundant backup systems have 
been removed from the Mercury 
spacecraft to reduce weight, com- 
plexity, and checkout time for the 
manned one-day mission. And the 
experience gained so far has greatly 
influenced the design of other 
manned spacecraft (see page 35). 

The five manned Mercury flights 
produced significant biomedical 
data, from which have been drawn 
medical trends and general physio- 
logical information. The biomedical 
monitoring, we should note, was pro- 
vided in Project Mercury primarily 
to assure flight safety. Operations 
did not permit classical medical re- 
search and measurements, for the 
state of the art of many medical 
instruments do not render them 
operationally feasible. There fol- 
lows some of the more significant 
medical information gathered in the 
project so far: 

1. A great deal of experience has 
been gained in proper medical op- 
erational planning for preparation, 
in-flight monitoring, recovery, and 
debriefing. 

2. The physiological responses to 
the acceleration of launch and re- 
entry have been shown to be readily 
tolerable by the astronauts. The 
previously accepted “normal” range 
for pulse and respiration rate have 
been expanded, as the table on page 
32 indicates. 

3. Results of repeated preflight 
and postflight physical examina- 
tions have been within the normal 
range, and no changes directly re- 
lated to the spaceflight experience 
have been noted. 

4. Considerable knowledge has 
been derived regarding the use of 
biosensors and resultant teleme- 
tered data in the medical flight- 
control tasks. 

As would be expected, numerous 
artifacts have been noted during 
observation of the telemetered elec- 
trocardiogram. Experience has 
produced monitoring confidence in 
the proper real-time evaluation of 
these artifacts. During the MA-7 
mission, some apparent elevation of 
blood pressure was noted through- 
out the flight. A very detailed and 
time-consuming postflight evalua- 
tion of the blood pressure measur- 
ing system (BPMS) revealed the 
necessity for very accurate match- 
ing of cuff, microphone, controller 
gain setting, and astronaut if the 
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telemetered reading was to be ac- 
curately related to the usual clinical 
blood pressure reading. Such 
matching produced excellent results 
in the MA-8 flight. 

5. There have been no aberrant 
neuromuscular, vestibular, or men- 
tal reactions, and the astronauts 
have proved to be capable of com- 
pleting spacecraft control and re- 
porting tasks and of making vital 
decisions affecting flight safety. 

6. The weightless state for the 
time periods studied has not shown 
cause for concern. Food consump- 
tion and intestinal absorption have 
successfully been accomplished dur- 
ing weightlessness. Furthermore, 
normal bladder sensation and urina- 
tion have been reported. Solid, 
cube-type and semi-liquid foods 
have been eaten in flight without 
difficulty. The semi-liquid foods, 
packaged in tubes similar to those 
used for toothpaste, have consisted 
of applesauce, beef, and vegetables. 
The specially coated cubes were of 
chocolate, fruit, and cereal. In both 
MA-6 and MA-7, the astronaut took 
a xylose tablet in flight, and the in- 
testinal absorption was determined 
by analysis of the amount recovered 
in urine. 

7. Auditory, olfactory, and visual 
responses, which include tracking, 
color vision, and depth perception, 
have been normal and apparently 
unaffected by spaceflight. 

The astronauts have reported 
color vision to be normal and almost 
identical to that experienced in ob- 
servation of the earth from a high- 
flying aircraft. Scott Carpenter re- 
ported that colors on the panels of 
the balloon he observed during his 
flight looked virtually the same as 
they did on the same panels seen on 
the ground. 

Drifting flight, and its attendant 
low rotary rates, has not altered the 
pilot’s normal responses nor has 
disorientation occurred. 

In summary, the astronauts have 
tolerated their limited spaceflights 
of up to 9 hr of weightless flight in 
a very satisfactory manner. 

In the course of accomplishing 
their primary mission objectives, 
the astronauts have also contributed 
to our knowledge in the natural sci- 
ences through the following obser- 
vations and measurements: 

1. With the information obtained 
by the astronauts, three primary 
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characteristics of the airglow (lu- 
minous) layer around the earth have 
been established. First, the strong- 
est radiation of the airglow layer 
was found to be at 5577 A wave- 
length. The layer was estimated to 
be about as bright as the moonlit 
horizon on that mission, or about 
6 X 10~ 3 lux per steradian. Also, 
the height of the airglow layer 
was observed to be between 2.6 and 
10 deg above the horizon. The 
smaller angle is believed most nearly 
correct. 

2. Particles were observed in 
space and were discovered to have 
emanated from the spacecraft. 

3. The apparent flattening of the 
sun’s image through refraction of 
light rays by the earth’s atmosphere 
was further substantiated. 

4. Visibility from the orbital alti- 
tudes corresponded to that normally 
observed by the pilots from high- 
flying aircraft; earth colors ap- 
peared true and object definition 
was possible. 

5. Experimental results confirmed 
behavior predicted by theory for 
liquid in a weightless environment. 

6. A number of photographs of 
cloud formations were taken that 
have been of significant assistance 
to those who have been analyzing 
and interpreting pictures obtained 
by television from weather satel- 
lites. Also, some of these photo- 
graphs have been used to determine 
the best filters to be used on cameras 
in later weather satellites. 

To recapitulate, we have seen 
Project Mercury meet its primary 
objective — manned orbital flight — 
and moreover confirm these facets 
of the program : 

1. The basic Mercury concepts 
established in 1958 were valid: 
Existing technology and off-the- 
shelf items used wherever possible; 
the most simple and most reliable 
approaches to system design fol- 
lowed; an existing launch vehicle, 
suitably prepared for manned flight, 
employed; and a logical and pro- 
gressive test program used. 

2. Mercury design, production, 
inspection, qualification, and check- 
out produced systems suitable for 
manned use in a space environment. 

3. The flight crew and ground- 
network crews were trained to over- 
come, in real time, deviations from 
the normal with a minimum of 
realignment. 


4. Data from a manned space mis- 
sion can be analyzed, documented in 
detail, and distributed in an edited 
form within three weeks of the mis- 
sion. This effort includes measured 
data, personnel debriefing informa- 
tion, hardware inspection, and trou- 
ble shooting and also the reproduc- 
tion and distribution of the results. 
During this three weeks, most trou- 
ble areas can be detected and given 
initial corrective action. 

The management structure that 
evolved has shown that it is : 

1. Capable of successfully direct- 
ing a program to maintain a tight 
schedule in spite of a very large 
and complex arrangement of sup- 
porting elements distributed over a 
large portion of the earth. 

2. Capable of setting up the man- 
agement tools that are required to 
produce success in a short time in 
a program where high reliability is 
the keynote in the face of a new and 
sometimes hostile natural environ- 
ment. 

The smooth and efficient way in 
which the last Mercury orbital mis- 
sion, that of Astronaut Walter M. 
Schirra, was accomplished has left 
no doubt that man, the Mercury 
space systems, and the manned 
spaceflight operational organiza- 
tions are ready for more extended 
missions. Work is already under- 
way for accomplishing the next 
facet of the manned space program, 
the manned one-day mission, during 
the first half of 1963. This mission 
will require more consumable items 
but will otherwise differ little in 
procedure from previous Mercury 
flights. It will see continuing inter- 
est directed toward the body sys- 
tem, particularly the cardiovascular, 
and toward other areas, such as 
crew and flight-controller fatigue 
and crew waste disposal. 
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Project Gemini, which introduces 
the second generation of NASA’s 
manned spacecraft, has completed 
the design stage. Many individual 
pieces and components, moreover, 
have been fabricated, and the long 
and complicated process of assem- 
bling and checking out the parts — 
first as modules, then as major sys- 
tems, and finally as a completed in- 
tegrated spacecraft — has begun. 

To understand the Gemini de- 
sign philosophy, we should look first 
at the primary project objectives: 

1. With a minimum of expense 
and time, to provide a logical fol- 
low-up to Project Mercury. 

2. To subject two men and their 
supporting equipment to long-dura- 
tion flights in space, a requirement 
for lunar trips and beyond. 

3. To rendezvous and dock with 
another orbiting vehicle. 

4. To maneuver a spacecraft in 
space after docking to a new pro- 
pulsion system. 

5. To experiment with men 
climbing out of the spacecraft for 
short periods while in orbit. 

6. To perfect methods for return- 
ing and landing the spacecraft on a 
small preselected land site. 

The first objective — providing a 
follow-up to Project Mercury — im- 
poses many limitations on the de- 
sign of the Gemini spacecraft. Al- 
though the objective resulted in fol- 
lowing in the footsteps of Mercury 
in many ways, it also necessitated 
departures from the Mercury pro- 
gram to remove many of the limita- 
tions of the Mercury design, some 
of which were inherent in its objec- 
tives and some of which were re- 
vealed as the program progressed. 

Mercury was designed with the 
sole purpose of placing a man in or- 
bit in a minimum time. The main 
emphasis was put on solving prob- 
lems — re-entry aerodynamics and 
thermodynamics, human tolerance 
to both high accelerations and zero 
gravity, etc. — which had never been 
encountered before. Consequently, 
great attention was not directed to 
the serviceability of the spacecraft. 
Hence, when guide lines were estab- 
lished for a follow-on program, it 
was assumed that solutions to all 
the basic problems had been ob- 
tained in Mercury and that the em- 
phasis could be placed on service- 
ability and flexibility of detail de- 
sign. The Gemini spacecraft would 


reduce flight itself to a relatively 
routine performance and put the 
emphasis on experiments in orbit, 
rather than just attaining orbit. 

In Project Mercury, most system 
components were in the pilot’s 
cabin; and often, to pack them in 
this very confined space, they had 
to be stacked like a layer cake and 
components of one system had to 
be scattered about the craft to use 
all available space (see page 37). 
This generated a maze of intercon- 
necting wires, tubing, and mechan- 
ical linkages. To repair one mal- 
functioning system, other systems 
had to be disturbed; and then, after 
the trouble had been corrected, the 
systems that had been disturbed as 
well as the malfunctioning systems 
had to be checked out again. Only 
one technician could work inside the 
Mercury cabin at any one time. 

In the Gemini craft, systems are 
modularized, all pieces of each sys- 
tem being in compact packages. 
Spare packages can be kept com- 
pletely checked and ready for rapid 
replacement. The packages are so 
arranged that any system can be re- 
moved without tampering with any 
other system, and most of the pack- 
ages ride on the outside walls of the 
pressurized cabin for easy access. 
This arrangement allows many 
technicians to work on different sys- 
tems simultaneously. The illustra- 
tion on page 37 shows clearly only 
one of several walls used in this 
way. The modular concept applies 
even to wire bundles, which are fab- 
ricated on special fixtures and then 
merely clipped in place. 

Only the visual instruments, con- 
trols, and survival ingredients such 
as the food, water, waste-handling 
equipment, rescue aids, and breath- 
ing apparatus ride inside the pres- 
sure vessel. 

Placing units outside the pres- 
sure compartment causes other 
problems. For example, cabin at- 
mosphere can not convectively cool 
the units, and each must therefore 
be mounted on a cold plate to carry 
away heat electrically generated. 
The elimination of convective cool- 
ing has the effect of modularizing 
the systems thermodynamically. A 
space radiator has therefore been 
designed to unload system heat. 
Since the outer covering of the 
spacecraft re-entry section does not 
lend itself to radiator construction, 
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the transition, or adapter section 
between spacecraft and launch ve- 
hicle has been made to serve this 
purpose. 

Besides radiating heat into space, 
the adapter stores mission supplies. 
These supplies include breathing 
oxygen in supercritical form, fuels 
and thrusters for orbital maneuver- 
ing, communications equipment 
needed only in orbit, and the fuel 
cells and associated supercritical 
hydrogen and oxygen used to gener- 
ate electric power and drinking 
water. The adapter, being unpro- 
tected against high heating, must 
be jettisoned before re-entry. 

The second objective — a two-man 
crew and long-duration flights — in- 
troduced basic departures from 
Mercury. The first was the two - 
man crew. It was believed that, 
for really extended periods, it was 
most desirable to be able to alter- 
nate rest periods and generally to 
lighten the load on one man. It was 
obvious, moreover, that providing 
supplies and facilities for living in 
space for a long period represented 
a major step. The basic problems 
to be faced were made much more 
difficult by the small space available 
in the cabin. 

In many cases, even the equip- 
ment that performed the same func- 
tion in Mercury required consider- 
able modification for Gemini to 
boost the mean time to failure to a 
level consistent with long-duration 
flights. Many provisions had to be 
incorporated in the circuit design 
and selection of electronic compo- 
nents to secure the required life. 
For instance, although there are not 
many vacuum tubes in Mercury, 
none could be tolerated in the 



Gemini spacecraft. In the mechani- 
cal area, gear drives on fans and 
horizon scanners had to be elimi- 
nated for Gemini. Special invert- 
ers were installed so that the cor- 
rect fan speed could be obtained di- 
rectly. Here the policy of separat- 
ing systems, which resulted in 
modular power supplies within the 
individual system packages, proved 
a necessity, not just a virtue. 

The long-duration flights planned 
necessitated special attention to the 
meteorite problem, particularly in 
the space radiator. The design 
evolved circulates fluid in a hollow 
bulb along the inner edge of the 
stiffener extrusions, as shown in the 
illustration below right, and hence 
secures a high degree of inherent 
mechanical protection. This design 
combined with the redundant paths 
gives acceptable reliability. 

In general, a great deal of atten- 
tion has been directed in all aspects 
of design to reliability. But the 
goals are so high that really mean- 
ingful demonstration testing is vir- 
tually impossible in the time avail- 
able. The dilemma involved in this 
situation suggests that some new 
approaches to reliability testing 
must be devised. 

The third objective — to effect 
rendezvous and docking with an- 
other vehicle — introduces new sys- 
tems such as radar units, on-board 
computers, and propulsion systems 
for making small accurate changes 
in flight position. These systems 
will include the following new 
equipment: radar, Westinghouse; 

digital computer. IBM; paraglider, 
North American; space radiator, 
McDonnell; fuel cells, GE; docking 
mechanism, McDonnell; landing 



skids, McDonnell; inertial-guidance 
platform, Minneapolis-Honeywell; 
incremental velocity measuring 
unit, IBM ; and supercritical oxygen 
and hydrogen systems, AiResearch. 

The third objective also requires 
launches to be performed within 
narrow periods of time, which 
means that holds on the launch pad 
and flight cancellations have to be 
minimized; this is where the bene- 
fits are realized from the emphasis 
on serviceability throughout the de- 
sign. It introduces, moreover, the 
mating hardware on the spacecraft 
and target vehicle for docking, as il- 
lustrated below* left. The Gemini 
spacecraft will rendezvous and dock 
w'ith an Agena, initial contact be- 
ing made w’ith a floating cone sup- 
ported on the front end of Agena 
by oleos. This cone absorbs energy 
w'hen hit in any reasonable way, 
and will not cause a rebound, but 
will guide the Gemini in toward 
springloaded latches. After en- 
gagement, a mechanism snubs the 
whole cone to the Agena, making 
the combination rigid for space 
maneuvers. 

The fourth objective — maneuver- 
ing the docked assembly in space — 
is almost implicit in the choice of 
target vehicle. It was considered 
necessary to indicate the “health” 
of the various target-vehicle sys- 
tems to the pilots before doing any 
maneuvering. Accordingly, a series 
of parameters were chosen which 
could be used to activate lights and 
provide indications on gages as to 
the condition of the Agena systems. 
At first it was thought that these 
should be displayed on the pilot’s 
instrument panel. After due re- 
flection, however, it was considered 
that a much better and vastly sim- 
pler method, as to hardware, would 
be to display them on a panel on the 
outside of the target where either 
pilot could see them both before 
and after docking. This scheme 
eliminates a major requirement for 
hardline connections between ve- 
hicles. Much the same type of rea- 
soning was applied to the command 
system. Since the system must op- 
erate by a microwave link before 
docking, this link might as well 
be used after docking. Hardline 
connections are retained for engine 
shutdown in parallel with the radio 
command. 

The fifth objective — extra-vehicu- 
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lar experiments — also requires only 
minor changes to the spacecraft 
configuration. The hatch, instead 
of being bolted in place, is hinged 
and locks by mechanical linkages. 
Suitable personnel equipment is un- 
der development for the extra- 
vehicular experiments. 

The sixth objective involves re- 
entry control and a paraglider for 
spacecraft recovery. 1 - 2 Re-entry 
control is obtained by using the 
lift generated by offsetting the cen- 
ter of gravity of the spacecraft and 
then modulating the roll during re- 
entry. An on-board inertial sys- 
tem and computer generates the re- 
quired commands. The paraglider 
stows in the spacecraft's small cy- 
lindrical section. The sketches on 
page 39 show how it deploys by in- 
flation to become a full-fledged wing. 
This can be flown by the astronauts 
much as a conventional light air- 
craft. The craft will have landing 
skids. 

One of the most important differ- 
ences in design philosophy between 
Mercury and Gemini has been 
greater reliance on the astronauts 
to control the Gemini spacecraft. 
This has been made possible not 
only by having redundancy in equip- 
ment (a common practice in Mer- 
cury) but also by having two pilots. 
Manual control, as opposed to com- 
plete automatic control, was selected 
to increase reliability by simplify- 
ing sequencing. The automatic 
abort modes in Mercury, for exam- 
ple, are very complicated and have 
caused the loss of complete space- 


craft in the early developmental un- 
manned flights. In each instance, 
had a man been on board, he could 
have manually salvaged the situa- 
tion. The Atlas is so instrumented 
that it will automatically abort the 
Mercury spacecraft if any one of a 
number of malfunctions is sensed in 
the launch vehicle. If a malfunc- 
tion occurs, the propellants used in 
Atlas would react rapidly, causing 
a violent explosion. The storable 
propellants of the Gemini launch 
vehicle react more slowly and allow 
more time for pilot action. 

In Gemini, a launch-vehicle mal- 
function activates lights and gages 
on the instrument panel and the 
astronauts exercise judgment as to 
the seriousness of the situation and 
the best procedure to follow during 
any special circumstances. With 
this sort of system, more than one 
cue can be used to verify an abort 
situation. Simulations reveal that, 
in many cases,, much reliance is 
placed on the audio-kinesthetic cues 
for this purpose. These cues are 
not only very reliable but instill con- 
fidence in the pilots in the validity 
of the systems when they are 
checked by this means. Manual- 
control is used in many other mis- 
sion phases, see table on page 39. 

There are a few other differences 
in the design concepts of the two 
current manned space programs. 
Mercury uses an escape rocket that 
lifts the entire spacecraft, whereas 
Gemini uses ejection seats. There 
are advantages and disadvantages 
to both systems. The escape tower 



is only available up to staging. The 
ejection seats not only provide a 
substitute for a reserve parachute 
but also provide an escape mode 
both early in the flight and on land- 
ing. Ejection seats were favored 
because they are consistent with the 
modular concept, but they were 
really only made possible by the 
fact that there is no problem from 
blast pressures in the event of def- 
lagration of the propellant used in 
the Gemini launch vehicle. 

Another important design con- 
cept being pursued in the Gemini 
program is to retain a flexible uni- 
versal spacecraft configuration. 
This effort is greatly facilitated by 
the modular design for the systems. 
In the Mercury program, much ef- 
fort and money were spent in 
changing among unmanned (heav- 
ily instrumented), simulated-man, 
chimpanzee, manned, three- and six- 
orbit, and one-day configurations. 
In the Gemini program, mission 
variations are accommodated simply 
by replacing specialized modules. 

Finally, some hardware familiar 
from Mercury has been dropped. 
The periscope was eliminated be- 
cause the benefits derived from it 
did not warrant the weight or the 
complications introduced by the 
need to extend and retract the main 
lens body. The landing bag is no 
longer a necessity when a para- 
glider and landing skids are used, 
or even if a large parachute should 
prove necessary instead of the para- 
glider. When a parachute is used, 
the spacecraft has been designed to 
land in water on the edge of the 
heat shield to attenuate the impact 
forces. Finally, the large reserve 
parachute has been omitted because 
the ejection seats allow emergency 
escape. 

The objective behind all these 
changes and innovations has been to 
produce a spacecraft that will make 
manned orbital flight commonplace. 
Project Gemini is well on the way 
toward this goal. 
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HUMAN-FACTORS STUDIES such as 

the one illustrated here, involving egress 

and tools, will be possible with Gemini. 
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PARAGLIDER SYSTEM, being developed by NAA, will be used as the primary Gemini landing system. 


PARAGLIDER DEPLOYMENT follows the sequence indicated by the sketches at left. 


GEMINI AND MERCURY£FLIGHT OPERATIONS COMPARED 


SEQUENCE 



Booster separation from spacecraft 

Automatic with manual backup. 

Astronaut fires separation system. 

Capsule turnaround to retro or 
orbit attitude. 

Automatic with manual backup. 

Astronaut turns spacecraft manually to 
proper attitude by watching attitude 
indicator. 

Retro attitude before re-entry. 

Automatic when signal is received 
by spacecraft. 

Astronaut turns spacecraft manually to 
retro attitude, as displayed on attitude 
indicator. 

Aborts, all levels. 

Automatic with manual backup. 

Ground-command lights, spacecraft-abort 
light, and astronaut control sequences 
manually. 

Drogue-parachute deployment. 

Automatic by 21,000 ft., barostat 
with manual backup. 

Astronaut deploys drogue parachute 
manually at 60,000 ft.; automatic backup 
at 21,000 ft. 

Landing. 

Automatic from 21,000 ft. by 
parachute. 

Manual control of paraglider by 
control stick. 


39 



Pilot 

salety 

and 

Mercury/Atlas 

BY BERNARD A. HOHMANN 

This program 
to protect 
the Mercury 
astronauts — 
based on 

quality assurance, 
intensive 
inspections, and 
ASIS — has 
important future 
implications 



BERNARD A. HOHMANN 

recipient of various 
USAF commendations and 
of the meritorious 
Civil Service Award, 
is Mercury program 
systems engineering 
director for Aerospace 
Corp. An ex-test 
pilot, he now flies 
his own airplane. 


When NASA chose the Atlas for 
Project Mercury, it was recognized 
that this launch vehicle had not 
been designed as a man-carrying 
vehicle, but for a ballistic 
weapon system. The design and 
development technology of ballistic 
launch vehicles, as well as their 
basic reliability, are far different 
from those of aircraft, which today 
are based on many thousands of 
hours of flight time and well-estab- 
lished operating experience and 
procedures. 

NASA therefore established a re- 
quirement for the development of 
a highly reliable system to permit 
pilot escape. The space agency un- 
dertook design of a spacecraft- 
launch-vehicle separation system, 
and assigned to the Air Force the 
requirement to develop an automatic 
system to detect launch-vehicle fail- 
ure. Recognizing the over-all safety 
requirements, Aerospace Corp. pro- 
posed a specific Project Mercury 
pilot-safety program, and this was 
implemented as a team effort of 
NASA, the AF Space Systems Div., 
contractors, and Aerospace Corp. 
The diagram on the facing page 
summarizes the key program efforts. 

Let us now review this pro- 
gram and its chief results, begin- 
ning with the problem of design 
reliability. 

Design Reliability. The pilot- 
safety program can best be viewed 
against the background of a typical 
launch vehicle’s reliability as a 
function of time. The graph ap- 
pearing on page 42 demonstrates the 
increment of safety needed for 
manned flight over the basic reli- 
ability of the launch vehicle itself. 
It is virtually impossible to obtain 
the high launch-vehicle reliability 
necessary in the time period sched- 
uled for a given program — in this 
case, the Mercury program. It 
would have been desirable to im- 
prove the reliability of the Atlas 
launch vehicle to a somewhat higher 
level before a manned flight, but a 
major redesign and a very exten- 
sive test period would have been 
required to demonstrate that higher 
reliability actually could be ob- 
tained. 

The basic Atlas reliability was 
consequently accepted and, to fill 
the gap between the basic reliability 
shown by the bottom curve and the 
desired higher level for manned 


flights, a special safety device was 
added — the abort sensing and im- 
plementation system, or ASIS, ex- 
plained in detail in the discussion of 
reliability augmentation following. 

ASIS automatically senses a mal- 
function of the launch vehicle and 
triggers the separation mechanism 
of the Mercury spacecraft to sepa- 
rate it before a major disturbance 
endangers the astronaut. 

The over-all Mercury mission 
cannot be saved by the abort-sens- 
ing system, but it does give ade- 
quate pilot safety. As shown by the 
upper curve in the graph, it is not 
expected that 100% reliability can 
be achieved even with pilot-safety 
augmentation devices. Although 
ASIS is highly reliable, it is doubt- 
ful that it will provide adequate 
pilot safety for every possible mal- 
function. It does, however, pro- 
vide the highest attainable degree 
of safety for the Mercury astronaut 
during the Atlas-powered portion of 
his flight, and it is believed he is at 
least as safe as he would be in a 
new, experimental-type aircraft. 

To preserve the experience and 
reliability achieved in the Atlas 
ICBM program, the number of 
changes made to the Atlas to con- 
vert it to a launch vehicle were 
held to a minimum. The illustra- 
tion on the facing page shows the 
major modifications. 

Quality Assurance. A quality- 
assurance program was set up to 
guarantee the best quality, work- 
manship, and reliability possible for 
all hardware used in the Mercury/ 
Atlas launch vehicle. It consists in 
part of an educational program for 
contractor and subcontractor per- 
sonnel. Under this program, train- 
ing courses, lectures, and presenta- 
tions are given by GD/Astronautics 
to its engineering, inspection, fac- 
tory, and subcontractor personnel 
to make them aware of the impor- 
tance of the manned spaceflight 
program and its objectives. Litera- 
ture pointing out key points and 
items of this program is also 
distributed. 

The program also provides for 
selection of certain components and 
subsystems. Selection criteria in- 
clude such considerations as clean 
inspection records and predeter- 
mined operating times before ac- 
ceptance. Additionally, items with 
major repairs or refurbishment are 
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not accepted. Spare parts are also 
selected to the same criteria and are 
specially allocated for use in launch 
vehicles for the Mercury program. 
Each selected or allocated compo- 
nent, part, or subsystem is identi- 
fied by a special decal signifying it 
as an accepted Mercury component. 
All components identified by this 
decal are stored in a specially desig- 
nated and controlled area. 

End-Product Excellence. A fac- 
tory roll-out inspection aims to as- 
sure that the Mercury/ Atlas launch 
vehicle is complete in every respect, 
functionally acceptable, and ready 
for delivery to the Air Force. The 
inspection team consists of mem- 
bers of the AF Space Systems Div., 
the AF plant representative, and 
specialists of Aerospace Corp. for 
various technical areas (autopilot, 
pneumatics, ASIS, propulsion, elec- 
trical systems, guidance, etc.). Its 
members review progress on the 
launch vehicle on a continuing basis 
to identify potential problem areas, 
and evaluate all component records, 
subsystem test data, and composite 
test records. 

The composite test, the final con- 
tractual AF factory-acceptance test 
of the launch vehicle, is made in 
the presence of AF inspection per- 
sonnel with the various systems op- 
erating simultaneously under nomi- 
nal flight-simulated conditions. 
Functional acceptability is based 
upon the evaluation of the data 
from this test. 

Complete and satisfactory docu- 
mentation of component and sub- 
system selection and of all test data, 
engineering change proposals, fail- 
ure, consumption and data reports, 
etc., are required before end-prod- 
uct acceptance. The contractor 
must also submit a detailed report 
covering the status of qualification 
of critical items on the launch ve- 
hicle. No shortages are allowed; 
the launch vehicle must be func- 
tionally complete in every respect 
before delivery, so to guarantee it 
has been checked out as a complete 
launch-vehicle system. 

Inspection-team members pre- 
pare a final report covering the as- 
sembly and test history, as well as 
all discrepancies uncovered and 
corrected on the launch vehicle up 
to the time of delivery to the AF 
and to the Atlantic Missile Range. 

Reliability Augmentation. A 
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KEY ELEMENTS in the pilot-safety program for the Mercury/Atlas launch vehicle. 


"SQUARE" AUTOPILOT 


ABORT SENSING SYSTEM (ASIS) 



DELETE VERNIER SOLO 

"WET START" CONFIGURATION 
BAFFLED INJECTORS 


DELETE ATLAS 
RETRO ROCKETS 

ADD FORWARD 
RATE GYRO POD 


C TYPE LOX 
BOIL-OF VALVE 


ADD INSULATION TO FORWARD BULKHEAD 


MODIFICATIONS to Atlas, as indicated in this sketch, were made to qualify it for Project Mercury. 


means was sought to close the gap 
insofar as possible between Atlas 
reliability and the goal of 100% pi- 
lot safety. The approach taken was 
ASIS — a highly reliable system for 
sensing any impending catastrophic 
failure of the Mercury-Atlas launch 
vehicle and for automatically gener- 
ating an abort command to shut 
down the propulsion system and ac- 
tivate the Mercury spacecraft's es- 
cape system before the astronaut 
might be placed in jeopardy. 

ASIS continuously monitors cer- 
tain critical launch-vehicle perform- 
ance parameters in such a manner 
that, if preselected tolerances are 
exceeded, an abort signal will be 
generated and the spacecraft's es- 
cape sequence will then initiate au- 
tomatically. To determine what 
ASIS should monitor, previous 
Atlas flight-test data were analyzed 
to locate parameters that indicated 
impending catastrophic failure dur- 
ing disastrous flights and that did 
not indicate failure on successful 
flights. Moreover, ASIS was de- 


signed to eliminate inadvertent 
aborts resulting from failure of its 
own sensing instrumentation or 
circuitry. Redundant wiring, sen- 
sors, and electronic components 
counteract the effect of any single 
component failure. The diagram on 
page 42 locates various electrome- 
chanical sensors throughout the 
launch vehicle which monitor the 
critical systems. 

Various manual abort capabili- 
ties supplement the automatic abort 
system, as follows: 

1. The test conductor can initiate 
an off-the-pad abort. 

2. The NASA Mercury Control 
Center can initiate an abort. 

3. The astronaut can terminate 
the mission at any time throughout 
the entire powered flight. 

4. The range-safety officer can 
generate a manual engine cutoff 
command and thereby activate the 
automatic airborne abort system. 

In addition to five successful 
ASIS development flights on the 
Atlas launch vehicle, a very exten- 
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RELIABILITY 



YEARS or DEVELOPMENT and operation 


TYPICAL RELIABILITY GROWTH with launch vehicles. 


sive reliability test program was 
conducted to assure its reliability 
under extreme environmental condi- 
tions. Extensive failure-mode anal- 
yses were conducted to select com- 
ponents whose failures, however 
unlikely, would be in the fail-safe 
direction. The complete system op- 
erated successfully in the open-loop 
configuration on MA-1, although the 
mission was not a success. MA-2, 
MA-4, MA-5, MA-6, MA-7, and 
MA-8 were successful flights in the 
closed-loop configuration. The 
MA-3 flight was prematurely ter- 
minated, but a successful abort was 
properly initiated and saved the 
spacecraft, which -was flown again 
on MA-4. 

T est-Site Operations. Factory 
roll-out inspection assures that the 
Mercury launch vehicles are in the 
best possible condition when they 
arrive at AMR. This condition 
must be maintained in the hangar 
and on the launch complex. Con- 
sequently, it is very important to 
have stringent control over the 
hardware configuration and to have 


complete and accurate documenta- 
tion of any hardware changes. AF 
quality-control personnel closely 
monitor any necessary replacement 
of components and, particularly, se- 
lected components. A sufficient 
number of selected spare parts, 
components, and subsystems are 
stored in a specially designated 
AMR area. No hardware can be 
removed from Mercury launch ve- 
hicles to support other Atlas flights 
without specific approval of the AF. 
Only persons necessary to perform 
required tasks are permitted access 
to Mercury launch vehicles on the 
launch complex. 

A Flight Safety Review Board 
(TSRB) determines whether the 
launch vehicle is ready for flight. 
For manned flights, participation 
on the Board is usually of high level, 
under the chairmanship of the sen- 
ior AF representative. A team of 
four NASA personnel attends the 
final FSRB meeting, essentially a 
presentation by FSRB to the NASA 
Operations Director concluding 
with a recommendation on commit- 
ting the launch vehicle for manned 
flight. 

A team of technical representa- 
tives from NASA, the AF, Aero- 
space, GD/Astronautics, and the 
chief field representatives of Rocket- 
dyne, General Electric, and Bur- 
roughs reviews for FSRB the en- 
tire history of the launch vehicle 
since its arrival at AMR and pre- 
sents its recommendation on the 
technical flight readiness of the 
launch vehicle. 

FSRB must determine that all 
possible efforts to insure a success- 


ful mission have been made, that 
the launch vehicle is in the highest 
state of technical readiness, and 
that any reservation on the part of 
participating agencies has been con- 
sidered. It then conveys its recom- 
mendation to the NASA Operations 
Director for his consideration in 
conjunction with the corresponding 
recommendations from the Capsule 
Review Board, Tracking Network, 
and other agencies. 

These procedures, plus ASIS, per- 
mitted NASA to begin its manned 
spaceflight program without the de- 
lay necessary to design and test a 
special launch vehicle, at no sacri- 
fice to pilot safety. 

Future Applications. The experi- 
ence with the Mercury program 
clearly shows that future manned 
systems must incorporate a pilot- 
safety program. Even systems 
specifically designed for manned 
flight will require a pilot-safety 
program to assure that manrating 
actually is achieved as designed and 
that the manrating reliability can 
be and is maintained — a most im- 
portant factor. 

Through the efforts of the en- 
tire Mercury team, it was gradually 
recognized that the following fac- 
tors govern the ability to maximize 
mission success : 

A team approach; systems engi- 
neering; an aggressive failure-anal- 
ysis program ; and a hardware qual- 
ity-assurance program. These fac- 
tors are sufficiently logical and gen- 
eral in content to allow their appli- 
cation to almost any complex devel- 
opment requiring a high degree of 
reliability. •• 


ABORT-SYSTEM SENSORS 
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As charted right, the growth poten- 
tials associated with this new 
approach to rocket power are func- 
tions not only of size, but of an 
inherent adaptability to more 
energetic propellant combinations. 
Improved performance with con- 
tinued high reliability underlines 
the capabilities of the packaged 
liquid engine to perform in a mul- 
titude of missile applications. 

Future packaged liquid engines 
from Thiokol will offer the advan- 
tages of thrust vector control, 
range control and throttleability. 
They are offered, too, with the 
proven economy of an efficient pro- 
duction operation. 


FUTURE PACKAGED ENGINES STEP UP PERFORMANCE 


PROPELLANT 

COMBINATIONS 

IRFNAMAF 

‘INHIBITED RtO FUMINO 
NITRIC ACID MIXED 
AMINE FUEU 

C=c> 

RADARC 

MDNA MHF 

(MAXIMUM DENSITY NITRIC 
Al lO MIXED HfORAZlNE 
FUEL) 


CTF MHF 1 

ICHIORINE TRiriOORlDE 
MIXED HYDRAZINE FUEL) 

PER CENT INCREASE (TOTAL IMPULSE) raoarc 


PERFORMANCES INCREASES attainable through use of higher-energy fuels 
and RADARC— a more compact chamber-nozzle design than presently used. 
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ORBITING 

SPACE 

STATIONS 


Although not yet 
approved, 
space-station 
development 
looms as a 
logical follow-on 
to present 
manned spaceflight 
programs. This 
discussion 
considers the 
implications of 
missions, objectives, 
design configurations, 
logistics, and 
operations 





LARGE-CAPABILITY STATIONS of this type, already proposed, will introduce extensive operations in space. 
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capabilities 


BY EDWARD H. OLLING 

Interest in space stations is not 
new. Space stations have intrigued 
men since the times of Nostra- 
damus, Leonardo da Vinci, and Jules 
Verne, who, each in his own way, 
envisioned the potential applica- 
tions of space stations related to 
the exploration of the frontiers of 
space. More recently, many seri- 
ous scientists and engineers have 
proposed space-station systems not 
unlike those under investigation to- 
day. What is new with respect to 
space stations is our recent and im- 
mediate ability to place relatively 
large payloads in orbit. 

After a manned lunar landing has 
been successfully accomplished, 
there are other continuing signifi- 
cant steps in man’s exploration of 
space. Currently, the most immedi- 
ate steps appear to be : 

1. Placing a manned space sta- 
tion in earth orbit to conduct re- 
search and to perform a wide vari- 
ety of space operations. 

2. Establishment of a manned 
lunar base to assist in lunar explora- 
tion and exploitation. 

3. Accomplishment of manned 
planetary flights to explore the 
near planets, e.g., Mars and Venus. 

Although there is currently no 
approved national space station pro- 
gram, the potential role of the space 
station as the next major step and 
as a major contributor to the lunar 
base and planetary missions is cur- 
rently the subject of intense inves- 
tigation, analysis, and planning to 
determine the most effective and 
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necessary flight schedules. In 
evaluating the potential capability 
of the space station as a major pro- 
gram in itself and in support of the 
over-all long-range manned space- 
flight program, it is necessary to 
analyze space-station missions, ob- 
jectives, applications, and capabili- 
ties with respect to the main goals 
of the national spaceflight program. 

The manned exploration of space 
is a continuation of steps advanc- 
ing progressively, based on the re- 
sults obtained from preceding steps. 
The feasibility of the space station 
is based on the availability of tech- 
nology resulting from Projects 
Mercury, Gemini, Apollo, and other 
manned and unmanned space pro- 
grams. The primary missions of 
the space station reflect the support 
of future programs involving in- 
creased technical difficulty and 
longer duration of flight. 

The space station is an essential 
and necessary component to the re- 
sultant success of manned plane- 
tary flight. The space station pro- 
vides the research facilities to de- 
termine man’s capabilities for sus- 
taining long durations in the opera- 
tional space environment. If it de- 
velops that man has serious physio- 
logical limitations, the space sta- 
tion could provide unique facilities 
and capabilities to investigate and 
determine criteria and solutions to 
allow man to overcome his limita- 
tions, thus permitting him to per- 
form essential functions effectively 
and efficiently for the long periods 
necessary for successful manned 
planetary flight missions. 

Personnel at the space station 
could investigate and establish the 
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environmental criteria, such as ra- 
diation, meteoroids, and the other 
combined factors of the operational 
space environment which must be 
provided for in the design and de- 
velopment of the planetary craft. 

The space station could provide 
support for planetary flights by 
conducting research on plants, ani- 
mals, materials, finishes, processes, 
and equipment in space. 

The engineering development, 
qualification, and reliability testing 
of planetary spacecraft subsystems, 
equipment, and mechanisms prior 
to the initiation of the flight could 
also be accomplished in the space 
station. In current missions, if a 
malfunction or system failure 
should occur, the flight could be 
aborted, and the crew can in many 
instances return safely to earth. 
In the planetary mission, the pro- 
grammed flight plan may not allow 
time for the safe return of the crew 
to a recovery point if a malfunction 
should occur months or years in 
flight duration from earth. There- 
fore, it is absolutely essential that 
fully developed and qualified, reli- 
able, proven, and tested systems, 
with adequate redundancy sup- 
ported by service and maintenance 
provisions, be provided to insure 
mission success. 

Another area of potential space- 
station contributions to the plane- 
tary program is the use of proven, 
tested, qualified, building-block seg- 
ments containing the basic struc- 
ture airlocks, and subsystems for 
the man-occupied part of the plane- 
tary spacecraft. 

The space station could be in- 
strumental in developing the crew 
qualifications for the planetary mis- 
sion by providing the facilities for 
crew’ selection in the operational 
space environment and in the com- 
plete training of a competent, ex- 
perienced crew before mission start. 

The planetary mission may re- 
quire an orbital launch operations 
facility. The space station will 
provide accommodations for the 
launch operations crew, and a base 
for shops and equipment necessary 
for the assembly and checkout of 
the payload segments of the plane- 
tary spacecraft in earth orbit. 

The role of the space station in 
the lunar-base program is very 
similar in many ways to that de- 
scribed for the planetary mission. 


First of all, the lunar-base crew 
could be selected and trained in the 
station based on information ob- 
tained from the Apollo manned 
landings on the lunar surface. The 
crew r could be subjected to lunar 
gravity levels and other conditions 
for long durations by simulating 
lunar surface conditions in the near 
earth-orbital environment which 
cannot be duplicated on earth. 

With respect to the lunar-base 
logistics transportation system, the 
space station could receive pay- 
loads from earth which could be 
stored and prepared for trans-ship- 
ment to the moon. 

Orbital launch-operations facili- 
ties, essentially the same as those 
used for the planetary mission, 
could also be used to support the 
lunar-base logistics operations. 
The logistics transportation shuttle 
could be serviced, maintained, re- 
paired, and overhauled at the space 
station wdth the facilities available 
there. In case of emergency, rescue 
missions might be initiated more 
quickly and flexibly from earth or- 
bit than from the earth’s surface. 

In the general advance of science 
and technology to support the ex- 
ploration of space, and particularly 
the long-range manned spaceflight 
program, the space station could 
make unparalleled contributions not 
possible on earth or by current 
spaceflight programs developmental. 

The space station could be a na- 
tional research facility in the op- 
erational space environment, con- 
ducting all types of basic and ap- 
plied scientific research to further 
man’s advances in space. In the 
accomplishment of such activities, 
much valuable data on the space 
environment could also be collected 
to establish design criteria for fu- 
ture programs. 

Scientific probes could be 
launched to obtain data to meet the 
requirements of other programs. 

Proposed advances in propulsion 
systems could be researched and 
qualified for future use, particularly 
w r here testing is not physically or 
economically practical on earth. 

Another area of research where 
only the space station could pro- 
vide effective facilities is in long- 
term investigations of biological, 
physiological, psychological, heredi- 
tary, and genetic factors related to 
man, animals, and plants. 
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The infinite vacuum of space is 
available to the space station to be 
utilized in experiments or possibly 
in commercial applications requir- 
ing the attainment of very hard 
vacuum of unlimited capacity. 

Many research and application 
projects are currently being con- 
ducted separately and independ- 
ently of each other. While these 
operations achieve results, they are 
expensive in the consumption of 
funds, manpower facilities, and 
other resources. The space station 
could provide a common base and 
supporting facilities where many of 
these activities, such as meteorol- 
ogy, communications, navigation, 
astronomy, and earth geophysics, 
could be undertaken. Obviously, 
some applications could not be suit- 
ably accommodated in the station 
because of the requirements of or- 
bital altitude or inclination. 

Where the activity is appropri- 
ate, a far greater return for funds 
expended can be achieved when a 
number of applied functional opera- 
tions are carried out in the space 
station. The research experiment 
or application project could be serv- 
iced, maintained, repaired, over- 
hauled, and reoriented; and data 
i could be acquired and evaluated by 
experienced, qualified personnel. 
This support would extend through- 
out the useful lifetime of the proj- 
ect and would enhance the success- 
ful fulfillment of objectives which 
currently are often unobtainable as 
a result of the lack of just such sup- 
port as the crew in the station could 
provide. Combined installation of 
manned systems, or manned-sup- 
ported systems, in many instances 
could yield greater returns and re- 
sults for less expenditures than is 
possible with separate and inde- 
pendent unmanned projects. 

In reviewing and analyzing space- 
station potentialities, it should be 
realized that the capability of de- 
veloping the space station and 
achieving these objectives is now 
available. The technology to de- 
velop the space station is in exist- 
ence. but it is still necessary to ex- 
ercise the utmost ingenuity and in- 
telligence in planning and design- 
ing the space station to achieve 
maximum results. 

The feasibility of the space sta- 
tion has been demonstrated by nu- 
merous studies made by various 
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NASA centers, by the Air Force 
and by a number of aerospace in- 
dustrial contractors. The required 
technology in many ways is less de- 
manding than that required for 
Project Apollo, for example, in such 
areas as navigation and guidance, 
re-entry heat protection, propulsion 
subsystems, and lunar-landing de- 
vices. 

The interest in space stations has 
been restimulated by the availabil- 
ity of launch vehicles being de- 
veloped by the Apollo manned lunar- 
landing program with large payload 
capability, such as the Saturn C-l 
and C-5. For the first time, launch 
vehicles are being developed with 
adequate payloads to meet project 
objectives without serious limita- 
tions. With the C-5 launch vehicle, 
a space station with adequate vol- 
ume could be orbited with a large 
crew and could stay in orbit for 
prolonged periods with sufficient 
electrical power capability to con- 
duct a wide variety of tasks. 

The space-station program as en- 
visioned is based on existing tech- 
nology, existing launch vehicles, ex- 
isting launch sites, existing range 
and tracking networks, and possibly 
a modification of the existing Apollo 
spacecraft as the logistics space- 
craft to transport the crew and 
cargo to and from the space station. 

The basic guide lines defining 
space-station requirements are im- 
portant factors related to the con- 
figurations which are being evolved. 
The space station could be launched 
from the Atlantic Missile Range at 
Cape Canaveral at approximately 
the same inclination angle as that 
used in Project Mercury. The or- 
bital altitude would be approxi- 
mately 300 n. mi. This approach 
would effectively utilize the exist- 
ing checkout facilities, launch sites, 
and range and tracking network. 
Sufficient spacecraft would always 
be docked at the space station to 
accomplish normal crew rotation or 
to evacuate the crew in case of an 
emergency. The space station 
would be in continuous operation 
for a period of from one to five 
years. The space station would 
provide both zero and partial grav- 
ity capabilities and facilities. 
Lastly, the space station would be 
conceived so that it could become 
operational at an early date. 

Several approaches have been 


proposed for executing such a space- 
station program, and many different 
approaches are now under investi- 
gation. The following examples 
appear to merit the most considera- 
tion at this time : 

1. A large, rotating space station 
of wide, versatile, flexible capabil- 
ity would be launched with a 
Saturn C-5 launch vehicle as soon 
as possible, and would be supported 
by a modified six-man Apollo logis- 
tics spacecraft launched by a Saturn 
C-1B launch vehicle. Such a station 
is illustrated on pages 52-53. 

2. An alternative approach is a 
two-step program which would use 
a Saturn C-1B launch vehicle to lift 
a modified Apollo spacecraft with 
an attached laboratory into earth 
orbit for a period ranging from sev- 
eral months to a year. The re- 
search results of such a laboratory 
would then be used to design a large- 
capability space station launched by 
a Saturn C-5 which would also be 
supported by a six-man modified 
logistics spacecraft. 

3. Another approach is the se- 
quential, progressively phased, 
building-block segment method 
which utilizes existing designs and 
tooling from various launch-vehicle 
stages to construct cylindrical and 
spherical building-block modules. 
The first of these building-block 
modules could be utilized as a bio- 
astronautics laboratory. The re- 
sults of laboratory research could 
be used to define the building-block 
segments required to make up a 
large modular space station. In 
turn, the space station could define 
requirements for planetary craft. 

Then, appropriate segments could 
be used to build up the man-occu- 
pied portion of the planetary space- 
craft from proven, tested, and quali- 
fied, building-block units. 

In conclusion, the space station is 
a program which can accomplish a 
wide variety of major significant 
achievements. The operational 
schedule of such a program is lim- 
ited only by effective program ap- 
proval, funding, and launch-vehicle 
availability. The schedule for the 
achievement of future programs, 
such as the planetary mission, may 
well be dependent on the availabil- 
ity of research data and design cri- 
teria which can be developed and 
provided only by the space-station 
facilities and related capabilities. 
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Recent accomplishments in manned 
orbital flights and the increased 
payload capabilities of planned 
launch vehicles have resulted in a 
wide variety of proposals for space- 
station configurations. While the 
parameters and principles that 
form the basic design criteria and 
the resulting proposed configura- 
tions are too numerous to describe, a 
review of space-station configura- 
tions proposed by NASA and indus- 
try indicates that two of the major 
areas of emphasis are assembly 
methods and rotational character- 
istics. 

The following methods for as- 
sembling the space station have 
been proposed: 

1. Earth-assembly configurations, 
in which the design of the station 
will be compatible with the launch 
vehicle and in which the station 
will be operationally ready when 
placed in orbit by a single launch- 
vehicle system. 

2. Orbital-assembly configura- 
tions, in which numerous compo- 
nents of the station will be launched 
into orbit, brought together, and 
assembled. This method of as- 
sembly will require a number of 
launch vehicles to orbit the various 
components. 

3. Configurations, assembled on 
earth and erected in orbit, which 
could be launched by a single launch 
vehicle and, when erected, will be 
operationally ready but will provide 
a geometric shape unrestricted by 
launch-vehicle constraints. 

The rotational characteristics of 
the space station are identified as 
follows : 

1. The nonrotating station, which 
will have no capability to provide 
artificial gravity by rotation and is 
generally associated with the earth- 
assembly method. 

2. The rotating configuration, 
which will provide a capability for 
creating artificial gravity by rota- 
tion and is generally associated 
with the earth-assembly method. 

A desirable feature of a rotating 
station would be the inherent sta- 
bility resulting from the proper in- 
ertia distribution. This distribu- 
tion would resemble that of a flat 
disk or fly wheel. This spin stabili- 
zation would assist in maintaining 
the station orientation and prevent 
the buildup of large oscillations. 
These oscillations could be detri- 


mental to the crew, docking maneu- 
vers, and the ability to abandon the 
station. 

3. The partial-rotating configura- 
tion, which will be designed with 
nonrotating hubs for docking or for 
zero-gravity laboratories to which 
will be connected constantly rotat- 
ing living and working areas. 
These are mostly associated with 
stations which are assembled in or- 
bit or assembled on earth and 
erected in orbit. 

In order to establish the neces- 
sary requirements to design an op- 
erational space station, it will be 
necessary to determine and evaluate 
parameters by using the mission 
profile, which includes a trajectory, 
related velocity requirements, as- 
sociated astrodynamics, environ- 
mental conditions to be encountered, 
mission sequence, and logistics sup- 
port. Essential supply support will 
be established by maintenance re- 
quirements, usage rate of consuma- 
bles, life-support system require- 
ments, and crew replacement. 
Since crew rotation will be depend- 
ent on psychological and physio- 
logical factors, the size of the sta- 
tion, type of mission, work-rest 
cycles, and environmental condi- 
tions will affect these factors and 
will increase or decrease the crew 
rotation cycles. 

Two classes of launch vehicles are 
presently being considered in the 
design of space stations : The early 
launch-vehicle class, which has a 
payload capability of approximately 
30,000 lb, and the later class, which 
has a payload capability of approxi- 
mately 220,000 lb. 

The launch vehicle of small ca- 
pability imposes both geometric and 
weight constraints in designing a 
space station with which it would 
be compatible. Such a space sta- 
tion would have to be a highly 
sophisticated and complex struc- 
ture. One concept for a space sta- 
tion of this type is a nonrotating, 
earth-orbiting laboratory which 
would be an adaptation of existing 
or proposed Apollo mission modules, 
placed in orbit by a Saturn C-IB. 

The launch vehicle of greater 
capability would impose only a geo- 
metric constraint in designing a 
space station with which it would 
be compatible. Such a space sta- 
tion could be designed by utilizing 
standard materials and manufac- 
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turing procedures and could result 
in a more reliable and economical 
structure at the expense of weight. 
This station would also have consid- 
erably greater capability for con- 
ducting scientific experiments. A 
reduction in the frequency of crew 
rotation and resupply is another ad- 
vantage of the larger space station. 

When the economics of the space 
station system are considered, the 
number of launch vehicles involved 
in providing an operational space 
station in orbit and the resupply 
launches necessary for the con- 
tinued operation of the space sta- 
tion must be kept to a minimum. 
Feasibility studies of large erect- 
able space stations indicate that 
they can be launched on a single 
launch vehicle. The operational 
procedure required for automatic 
erection in orbit should be a simple 
kinematic procedure with high re- 
liability. All routine procedures 
should be as simple as possible, and 
there should be no requirements for 
the crew to do work outside the sta- 
tion in the space environment. 

A space station of this possible 
design is discussed below. This 
type of station is more advanta- 
geous than the orbital-assembly type 
of station which requires a launch 
vehicle for each component. 

In the establishment of design 
requirements for a manned orbiting 
space station, it will be necessary 
to consider a large number of 
human factors areas. These areas 
pertain to the man himself, the en- 
vironment in which he must live 
and work, the tasks he must per- 
form. the operations necessary, and 
his participation in these operations. 

The space station must be opera- 
tionally self -sufficient to support 
life for prolonged periods of time. 
The relationship between the man 
and machine operations must be 
considered in detail during design 
and development to attain this goal. 
A state of equilibrium must evolve 
between man and machine in the 
orbiting environment during these 
various time periods. This equi- 
librium must be closely predictable 
by a clear definition of crew tasks 
in order to optimize the probability 
of success of any given mission. 

When human factors are consid- 
ered, one of the most serious handi- 
caps in the design of a space station 
is the inability to determine 
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whether or not, or to what degree, 
an artificial gravity environment 
will be required for the well-being 
of the crew for the extended periods 
of time that will be necessary for 
planetary exploration. 

When gravity research is con- 
sidered, the partially rotating con- 
figuration would be perhaps the 
most desirable. A recently compiled 
list of uses for a space station and 
the experiments that could be per- 
formed on board indicates that few 
applications or experiments have a 
requirement for artificial gravity. 
The requirement would be on man 
himself and in learning more about 
his dependency on gravity. By 


having the nonrotating section in a 
rotating station, experiments at 
zero -g could be carried on simul- 
taneously with experiments at vari- 
ous fractional gravity levels. 

It would then be possible to deter- 
mine with a single configuration the 
gravity requirements for future 
space missions. 

The requirements for rotational 
effects to replace the gravity field 
are not well defined, nor are they 
likely to be without concerted effort 
in spaceflight operations. 

The advanced Saturn will make 


possible launching a multiradial- 
module space-station such as the one 
illustrated below. This concept 
evolved from studies conducted to 
determine methods by which a space 
station of large capability could 
provide engineering and operational 
data that would be most useful in 
interplanetary spacecraft design. 
While it is generally desirable to 
limit a design to a minimum of de- 
sign constraints and to embody a 
host of desirable features, there 
would be considerable difficulty at 
this time in separating the design 
constraints from the desirable fea- 
tures since the total concept is 
evolutionary in nature. 


The total configuration was con- 
ceived to be launched by the first 
two stages of an advanced Saturn 
launch vehicle. A capability for 
shirt-sleeve operation in the central 
hangar area is incorporated to take 
maximum advantage of the crew’s 
capabilities to service the logistics 
and other spacecraft and to mini- 
mize extra-vehicular activities. The 
three radial modules will be stowed 
axially for launch. Simple linear 
separation devices will permit de- 
ployment from a clean launch con- 
figuration to the radial arrange- 
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ment for artificial gravity. 

It should be pointed out that 
three radial modules will be em- 
ployed for the space station, al- 
though two appear satisfactory for 
a spaceflight configuration where 
rotation about the minimum mo- 
ment-of-inertia axis is desirable. 

The space station could be 
launched with or without the 
manned logistics spacecraft. Dock- 
ing would be provided for on the 
hub centerline at the top, with 
separation operations for earth-re- 
turn conducted from the lower 
hangar area. The logistics space- 
craft will be maneuvered along the 
axis of rotation to minimize the 
complexity of operations. 

Each radial element will be de- 
ployed with a single degree of free- 
dom. Breaking or making the 
major seals will be unnecessary. 
Each radial element may be inde- 
pendently deployed and secured 
after deployment. Elements such 
as the antennas, accumulators, and 
radiators could be extended or re- 
tracted as required. 

An advantage attainable with 
this configuration approach will be 
the ability to study, over protracted 
periods, the effects of various grav- 
ity levels. The three peripheral 
compartments would, with spin 
rates believed to be acceptable, at- 


tain pseudo-gravitation thought to 
be in the comfort zone. Inboard 
compartments would have lesser 
levels approaching zero -p, thus per- 
mitting investigation of the possi- 
ble extension of the comfort zone to 
lower radii. A near zero -g facility 
may be provided in or around the 
hangar area. It is recognized that 
an integral incorporation of a sci- 
entifically precise zero -g capability 
will constitute an operational com- 
plexity of a high order. 

Access to all systems will be pro- 
vided. Equipment, stores, or sys- 
tems which do not normally require 
service may be stowed outside the 
areas provided with a shirtsleeve 
environment. Those which will 
benefit from frequent servicing and 
are not potential contaminators or 
hazardous will be stowed in the 
normal shirtsleeve compartments. 
Those which will benefit from fre- 
quent servicing but are potential 
contaminators or are hazardous, 
such as certain propulsion systems, 
will be stowed in isolated regions 
with shirtsleeve capabilities, where 
practicable. 

Traffic patterns may be set up 
which would permit crew members 
to move about in the station in a 
shirtsleeve environment. A mini- 
mum number of hatches will be uti- 
lized to permit isolation of con- 


taminated or otherwise undesirably 
conditioned regions, and the crew 
provided with alternate routes. 

Crew* transfer to and from the 
space environment, for mainte- 
nance or experimental purposes, will 
be provided through two redundant 
airlocks in each radial element. 
These airlocks may be located at the 
outboard ends of the access tunnels, 
as shown in the illustration, or 
normal to the tunnels inboard of 
the crew r compartments. Simple 
hatches will be provided for direct 
access to crew’ compartments for 
earthbased operations or for emer- 
gency spaceflight operation. 

Cargo transfer from the logistics 
spacecraft to the space station will 
be initiated in the hangar area. 
The operation will be made efficient 
by providing the crew’ with a shirt- 
sleeve environment handling room, 
and by the inherent low gravity. 
Transfer from the hangar area to 
the radial elements will be initiated 
through access hatches in the an- 
nular passageway. General traffic 
routes and hatches will be sized to 
handle emergency conditions, and 
crews with appropriate logistics 
support items will be able to nego- 
tiate freely in routine operations. 

A feature to be provided, which 
is unique to the radial element con- 
cept, will be the operational utiliza- 



S1DE VIEW OF INTERIOR: After deployment, the large-capability space station presents 
this interior configuration as seen from the side. The disposition of logistics 
spacecraft in the hub hangar can be seen, as well as the intermodular passageways. 
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tion of all stations prior to launch, 
and prior to, during, and after de- 
ployment. The great benefit to be 
gained from this feature will be the 
capability for a flight crew to be 
trained or to take over the opera- 
tion of the space station while it is 
on the ground being fitted out. 

The direction of the gravity field 
is favorable; systems could be op- 
erated in the near-operational en- 
vironment. Crew transfer net- 
works throughout the station would 
be intact at all times. Equipment 
could be installed in the operational 
spaceflight location and be compati- 
ble with the launch environment. 
Ir general, the configuration will 
permit a highly efficient fitting-out 
operation which will save valuable 
flight man-hours. 

Certain problem areas become 
immediately apparent. Perhaps the 
primary problem is that of sealing. 
In this design, which is conceptual 
only, a great deal of attention will 
need be given to the dome hatches 
at the top and bottom of the hangar 
area. A tradeoff will have to be 
made between balance while rotat- 
ing and length of juncture to be 
sealed. Even if the length of the 
seal is minimized, it will remain 
very long. Only seals with the low- 
est possible leakage rates can be 
used. A simple but effective seal 


reinforcement will need to be ap- 
plied by the crew. Neither seal nor 
reinforcement may preclude peri- 
odic opening and closing of the 
hatches with subsequent resealing. 

A corollary of the sealing problem 
is the necessity of conserving at- 
mosphere in the hangar area when 
dome hatches are to be opened. Ex- 
haust of this atmosphere would 
compound already complex logistics 
problems. Complete salvage by 
pumping the atmosphere to storage 
tanks would, if carried to com- 
pletion, require heavy multistage 
pumps and extensive energy de- 
mands over too long a time. Neces- 
sary compromises between logistics 
demands and those of weight, 
energy, and time must be made. 

Another problem area which will 
require much study by designers is 
the docking and storage mechanism 
for logistics spacecraft. The dock- 
ing ring, which must mate with the 
forward part of the spacecraft, will 
have to be extended through the 
dome-hatch to provide a clear target 
for the spacecraft pilot. This ex- 
tensible ring must be capable of 
taking impact loads, locking on, and 
then, in retracting, must pull the 
logistics spacecraft into the hangar 
to the position of best balance, 
which is a variable. There must be 
an auxiliary mechanism to align the 


spacecraft with the space-station 
axis. Each of these mechanisms 
must be demountable so that they 
may be used to control stowed 
spacecraft and yet be cycled to suc- 
ceeding spacecraft. 

Despite these major problem 
areas, it is believed the multiradial- 
module space station could be de- 
veloped as a large-capability earth- 
assembled, and orbital self-erecting 
space station. 

Here two general areas in es- 
tablishing design criteria for earth- 
orbiting space stations have been 
presented. The first area has dealt 
with the design of a nonrotating 
space station which could be 
launched by a Saturn C-1B and 
which could be used as an interim 
configuration to provide valuable 
information on the design of larger 
space stations of extended lifetime, 
especially with regard to the de- 
sirability of the inclusion of zero -g 
capability in these larger stations. 

The design criteria for a space 
station of greater capability which 
could be launched by an advanced 
Saturn have made up the other area 
of consideration. A large multi- 
radial-module configuration of the 
type described here could provide 
the capability for conducting sci- 
entific experiments at various levels 
below 1 g. 
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PLAN VIEW OF INTERIOR, again as seen after deployment. 

Each compartment has its floor curved according to the radius of rotation. 


59 



SPACE STATIONS 

Logistics 

systems 

and 

associated 

operalional 

requirements 

BY CHARLES W. MATHEWS 



CHARLES W. MATHEWS, 

who was chairman of 
the group which 
developed specifications 
for the Mercury 
spacecraft, is chief of 
MSC's Spacecraft 
Research Div. 

Formerly with NASA- 
Langley. his early work 
involved air-flight 
research and automatic- 
control devices. He 
later studied orbital 
manned spacecraft 
re-entry problems. 


The problem of resupply is an ex- 
tremely important aspect of the op- 
erations of a large space-station 
project. The station would logi- 
cally remain in orbit for a period of 
a year or more and would have no 
re-entry and landing capabilities. 
The provision of sufficient stores on 
board for independent operation 
over a long period of time appears 
to be impractical and crew rotation 
will also be desired. Such activ- 
ities will be done by means of a 
logistics spacecraft launched from 
ground bases. 

A logistics spacecraft, launched 
periodically from earth, would ren- 
dezvous with and dock to the space 
station. It would carry crew re- 
placements, scientific and engineer- 
ing specialists for the conduct of 
experiments, and cargo for restock- 
ing the station and for setting up 
new scientific experiments. The 
logistics spacecraft would also pro- 
vide the re-entry and landing ca- 
pability associated with both nor- 
mal and emergency operations. The 
latter requirement implies that a 
sufficient number of operational 
spacecraft would be docked at the 
space station at any one time to 
evacuate the entire crew. 

To establish the practicality of 
this mode of operation, calculations 
have been made for launch require- 
ments as affected by the size of sta- 
tion crew, the logistics spacecraft’s 
transport capabilities, and the crew 
rotational interval. The results of 
these calculations are presented in 
the graphs on the facing page for 
various types of logistics space- 
craft. Crew rotation alone is con- 
sidered, although similar results 
would exist for other forms of re- 
supply. Except for stations with 
small crews, spacecraft presently 
under development would require 
an inordinate number of launches 
even at a three-month rotation in- 
terval. This statement applies both 
to cost and to the more direct as- 
pects of launch support. 

It is possible to modify the Apollo 
spacecraft to provide a six-man ca- 
pacity. The capacity of this modi- 
fied Apollo spacecraft appears to 
provide reasonable operational 
scope. A 12-man spacecraft would 
meet such objectives even better, 
and the economics of the operational 
phase might justify such a develop- 
ment. The frequent operations also 


emphasize the desirability for re- 
use of the spacecraft. This conclu- 
sion would also apply to the launch 
vehicle, although the time period 
and cost required to develop large, 
recoverable launch vehicles may pre- 
clude their use in early station 
operations. 

A typical logistics spacecraft op- 
eration based on a six-man Apollo 
spacecraft and an 18-man station 
crew might proceed as follows: 

The station and one logistics 
spacecraft would be launched by a 
single launch vehicle with a crew in 
the logistics spacecraft only. Once 
in orbit, the skeleton crew of six 
men would transfer to the station, 
activate the onboard systems, and 
establish a duty cycle. Two men 
would remain on duty at all time to 
checkout systems and prepare to re- 
ceive additional logistics spacecraft. 
The skeleton crew of six men 
is about the minimum required. 
Application of the station to actual 
experimentation would be on a 
limited basis during this time pe- 
riod. Build-up to the full-crew 
complement would then proceed by 
launching two additional logistics 
spacecraft at monthly intervals, or 
possibly sooner. Another launch 
would initiate the rotational cycle, 
and single launches at one-month 
intervals thereafter would establish 
a three-month crew rotational cycle. 

The dominating factor in the 
launching of the logistics space- 
craft is the time-critical nature of 
the launch window for the launch 
operations in order to achieve ren- 
dezvous proximity with the station 
within a reasonably short time 
period. Techniques for accomplish- 
ing rendezvous, allowing for reason- 
able launch-time windows, are being 
developed in connection with the 
Gemini program. Studies in sup- 
port of Gemini indicate that, in or- 
der to limit propulsion requirements 
and obtain a satisfactory launch 
window for rendezvous, inclination 
of the orbit of the station should 
exceed the latitude of the launch 
site, but only by a few degrees. 
For a launch from Cape Canaveral, 
this situation will provide a launch 
opportunity on two or three con- 
secutive passes of the station with 
a fuel expenditure for rendezvous of 
less than 1500 fps. It also allows 
operations to take place over the 
existing and planned Ground Op- 
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erational Support System network. 

A possible procedure for rendez- 
vous is presented on this page. The 
station is assumed to be in a 300- 
n. mi. orbit. The spacecraft is 
launched on an azimuth which 
varies as a function of launch time 
in order to minimize the plane 
change required on intersecting the 
orbital plane of the station. This 
intersection is 90 deg from the or- 
bital insertion point of the space- 
craft. The spacecraft is injected 
into a low orbit (perhaps 100 n. mi.) 
in order to provide a rapid reduc- 
tion of the phase differences be- 
tween spacecraft and station. On 
achieving the proper phase for 
Hohmann transfer (180 deg), a 
velocity maneuver of the spacecraft 
would produce the transfer up to 
the altitude of the space station, 
from which point a closed-loop in- 
terception operation would be ini- 
tiated, ending with a maneuver to 
match position and velocity of the 
two vehicles. 

With an on-time launch, the time 
spent prior to docking should be 
less than 1 1/2 hr. Launch delays of 
about 20 min will require about 6 
hr of orbital operations prior to 
rendezvous. Even with the low 
catch-up orbit, approximately one 
day of orbital operations prior to 
rendezvous would be required for 
the least desirable phase relation- 
ship at launch. Allowing for this 
long catch-up would provide a con- 
tinuous 3-hr launch window each 
; day. 

The terminal phase of rendez- 
vous will utilize procedures devel- 
oped in the Gemini and Apollo pro- 
grams. They are quite similar to 
techniques developed in connection 
with interceptor aircraft. Docking, 
on the other hand, does present 
some unique problems, particularly 
if the operation is performed with 
a rotating space station. The dock- 
ing fixture must be near the center 
of rotation of the station in order 
to provide a target which does not 
require extensive maneuvering of 
the logistics spacecraft and also to 
avoid disturbing the station after 
docking. Docking could be accom- 
plished by using a rolling maneuver 
of the spacecraft to match the angu- 
lar rotation of the station, or the 
station could have a nonrotating 
hub. Either approach appears fea- 
sible. Another factor to consider is 
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LAUNCH AND RENDEZVOUS OPERATIONS with logistics spacecraft can take the nominal 

form diagrammed above. Azimuth and inclination vary with time of launch. Launch goes parallel with 

the space-station plane, intersection occurring 90 deg from launch point. 
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LAUNCH REQUIREMENTS for logistics spacecraft take the form 

shown by these graphs for one-month (left) and three-month (right) crew rotations. 
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that all logistics spacecraft at the 
station must be deployed symmet- 
rically about the hub in order to 
avoid producing an oscillation in 
the station. This condition must 
also be achieved during docking or 
separation of a logistics spacecraft. 

Two types of docking and stow- 
age arrangements for the logistics 
spacecraft are presented on the fac- 
ing page. One involves external 
stowage and the other utilizes a 
hangar concept. For external stow- 
age, the spacecraft is originally 
docked along the axis of rotation, 
but then is transferred to a position 
at right angles and in line with a 
transfer tunnel of the station. 
A connecting tunnel containing an 
airlock is deployed for the purpose 
of cargo transfer. 

The hangar concept also involves 
external docking, but the docking 
ring would be on a retractable arm. 
Once inside the hangar, cargo, 
transfer, maintenance, and launch 
preparation would take place in a 
protected and environmentally con- 
trolled area. All spacecraft would 
be located along the hub and would 
proceed on a first-in, first-out basis. 
Operations in and out of the hangar 
area would be accomplished by 
pumping the hangar down, thereby 
saving the environmental gases. 

The logistics spacecraft un- 
doubtedly will be of modular design, 
with the velocity maneuvering 
module and the cargo module re- 
maining in orbit. These modules 
would be sized in accordance with 
requirements yet to be developed, 
and they would be of a proper con- 
figuration to adapt the command 
module of the spacecraft to the lo- 
gistics launch vehicle. 

The external configuration of the 
passenger-carrying crew module 
would largely be dictated by re- 
entry heating, maneuvering and 
landing considerations. Of two pos- 
sible configurations that have been 
studied in recent years, one is the 
typical blunt-body configuration 
presently used in manned spacecraft 
operations. The other is a winged 
vehicle designed for hypersonic re- 
entry but having reasonably good 
low-speed glide characteristics. 
Both vehicles have hypersonic ma- 
neuvering capabilities, with the 
lift-to-drag ratio (L/D) of the 
winged spacecraft exceeding that of 
the blunt spacecraft by a factor of 
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5. Many variations of re-entry 
spacecraft exist, most of them lying 
somewhere between these two 
extremes. 

The chief advantage of the large 
hypersonic L/D is the sizable lateral 
maneuvering capability during re- 
entry. The Apollo-type vehicle has a 
lateral range capability on re-entry 
from earth orbit of about 200 n. mi. 
With the winged vehicle, it is pos- 
sible to increase this range by more 
than a factor of 10. For both ve- 
hicles, downrange maneuverability 
is more extensive than lateral ma- 
neuvering capability but is less im- 
portant, because control of range 
to the landing site can be ac- 
complished by timing the retrofire 
operations, and the downrange ma- 
neuvering capability is used only as 
a vernier control. 

A question arises as to the im- 
portance and degree of lateral ma- 
neuvering during re-entry in the 
space-station application. One fac- 
tor immediately apparent is that 
orbits that pass in closest proximity 
to a selected landing site may not 
pass over the site. (The site may 
be halfway between two orbits, for 
example.) For orbits of low or 
moderate inclination, the problem 
is circumvented by selecting a land- 
ing site latitude which is several 
degrees less than the orbit inclina- 
tion. 

This selection allows the site to 
be achieved within the re-entry ca- 
pabilities of an Apollo-type space- 
craft. Although this arrangement 
allows some flexibility in achieve- 
ment of the landing selection, it 
does not permit immediate return 
to the site. The Apollo-type logis- 
tics spacecraft may have to stay in 
orbit for periods up to a day if a 
single landing site is selected. The 
acceptability of this philosophy for 
emergency return operations is the 
subject of much discussion. A more 
immediate return is certainly de- 
sirable. One alternative is to select 
a number of properly located and 
spaced landing sites. 

The ability of the larger L/D 
spacecraft to achieve more immedi- 
ate return is obvious, but this ad- 
vantage must be weighed in terms 
of certain related disadvantages. 
Perhaps the most important consid- 
eration is the effect of increased 
weight of the high L/D vehicle. 
Such a vehicle incorporating the 


same passenger capacity as the 
blunt-body configuration is likely to 
weigh more than such a configura- 
tion. If this weight difference is 
put into orbit maneuvering propul- 
sion for the blunt-body configura- 
tion, its lateral maneuvering capa- 
bilities may be competitive with the 
high L/D configuration for space- 
craft weights now under considera- 
tion. 

Another problem that has not 
been solved in connection with the 
winged spacecraft is the achieve- 
ment of a satisfactory configuration 
at the nose of the launch vehicle. 
Aerodynamic loads during launch 
produce severe stability and struc- 
tural problems. These problems can 
be alleviated through the use of 
large fins on the launch vehicle, 
structural strengthening and/or 
shrouds, at penalties to the payload 
capabilities of the launch vehicle. 
Launch aborts are also more com- 
plex, particularly in the early stages 
of the launch, while the spacecraft 
is in the atmosphere. For these rea- 
sons, it appears that the high L/D 
vehicle, although offering interest- 
ing and useful potentialities, will 
require a longer development time 
than the blunt body and must also 
pay some penalties in the form of 
reduced payload. 

The terminal phase of the land- 
ing operation also is strongly influ- 
enced by the L/D and, therefore, 
the capabilities are sensitive to the 
choice of aerodynamic configura- 
tion. In any case, the requirement 
for re-use of the logistics spacecraft 
dictates that the landing system em- 
ployed provide a means for landing 
with no significant damage to the 
spacecraft. The requirement for 
re-use, however, is often confused 
with a need for rapid turnaround. 

Extremely rapid turnaround is 
not likely to be involved because of 
the nature of the vehicle, the launch 
operations, and the probability that 
the landing and launch areas are not 
the same. This situation gives rise 
to a possibility that a restricted 
area landing concept might be em- 
ployed, provided the area is ade- 
quately limited by hypersonic ma- 
neuvering and that capability for 
windage corrections and obstacle 
avoidance in the terminal area is 
available. 

The most elementary solution to 
this problem is a gliding-type para- 
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TWO POSSIBLE DOCKING AND STOWAGE ARRANGEMENTS of logistics spacecraft in a space 
station. A more detailed view of internal stowage appears on page 58. 


chute, several types of which have 
been successfully demonstrated. 
Because the L/D of such devices is 
low (approximately 1), maneuver- 
ability is limited and the ability to 
execute a landing flare is nonexist- 
ent. This characteristic requires 
the consideration of fairly high ver- 
tical velocities at impact (normally 
20-30 fps). Thus, special impact 
alleviation features, such as a shock 
absorption system or a retrorocket 
system, are required. 

Blunt-body spacecraft can utilize 
normal aircraft landing techniques 
through use of the subsonic para- 

I glider. A stowable rotor system 
presents an alternate possibility. 
The paraglider can develop a sub- 
sonic L/D of 3 or more and has 
demonstrated a capability of per- 
forming a flare maneuver. It is 
therefore a system with a point- 
landing capability. The increased 
L D also represents a no-wind ma- 
neuvering capability at about 20 mi. 
for normal deployment altitudes. 
The penalty paid for this increased 
capability is increased weight and 
complexity of the landing system, 
and compromises associated with 
emergency launch-abort situations 
involving ejecting the crew in cer- 
tain flight phases and subsequent 
loss of the spacecraft. 

The comments on the paraglider 
in general terms also apply to the 
winged configuration with several 
notable exceptions. Glide perform- 
ance of the winged configuration is 
potentially much greater than that 
of the paraglider and may have sub- 
sonic ranges of several hundred 
miles. Further, deployment of 
auxiliary surfaces is more straight- 
forward with an essentially rigid 
configuration. Lastly, control 
mechanization would more closely 
approach that developed for conven- 
tional aircraft. 

On the basis of the foregoing con- 
siderations, these points may be 
made: 

L Logistics spacecraft will be re- 
quired to support the space-station 
program when long-duration mis- 
sions approaching a year or more 
in earth orbit are contemplated. 

2. The economics of this support 
ma >’ dictate larger transport capa- 
bilities than those existing in 
manned spacecraft now under de- 
velopment. However, it appears 
f hat this capability might be 
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achieved by modifications and addi- 
tion of modules to spacecraft now 
under development. 

3. Launch and rendezvous tech- 
niques for logistics support of the 
space station will closely approach 
those being developed for the 
Gemini and Apollo programs. 
Methods of docking, cargo transfer, 
and stowage of logistics spacecraft 
at the station are under study but 
require further development. 

4. The blunt-body configuration 


of present manned spacecraft ap- 
pears to afford sufficient operational 
flexibility to warrant its use as a 
logistics spacecraft. Winged-config- 
urations and other configurations 
with higher lift-to-drag ratios may 
have improved operational flexibil- 
ity during the return portion of the 
mission. However, their greater 
complexity, as well as the higher 
empty weights, may preclude their 
employment in the early phases of 
the program. •• 
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Astrolabe (1st Century B.C.)— A Greek invention long used by Arabs and Europeans to provide astro- 
nomical sightings. The Astrolabe is a predecessor to today’s sextant. (Cranbrook Institute of Science) 


GUIDANCE BY AC MEANS- 

ACCURACY, LOW COST, RAPID DEVELOPMENT, EARLY DELIVERY 

The dream to navigate through space is as old as man, and today that dream is 
nearing reality. The capability to turn ideas into reality is found at AC. AC's ability 
to produce accurate systems in rapid time, at low cost with early delivery is now 
being applied to Guidance Systems for the USAF TITAN II and III, NASA's APOLLO 
Program and POLARIS inertial instruments, as well as providing Weapon System 
Integration and Bombing Navigational Systems for SAC aircraft. 

AC welcomes the opportunity to assist you with its proven experience, facilities and 
manpower in system development, production and management. 


APOLLO PROGRAM— AC will fabricate the inertial plat- 
form, with associated electronics, gyroscopes and ground 
support and checkout system. AC will also have responsi- 
bility for assembly and test of all navigation components 
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GUIDED MISSILES RANGE DIVISION 
PATRICK AIR FORCE BASE, FLORIDA 


(C) advanced planning, looking forward as much as 15 
years. Includes considering such problems as how to serv- 
ice, launch, track and recover information from multi- 
million pound thrust booster systems and anticipating the 
problems associated with the launching and support of 
nuclear propelled boosters and spacecraft. 


OPPORTUNITIES are open right now to join Pan Am 
in developing range test systems of hemispheric, 
global and celestial scope. □ □ SYSTEMS ENGINEERS 

EE, Physicist — capable of accepting project responsibility 
for design of range instrumen- 
tation systems, monitoring 
systems development, installa- 
tion and acceptance. (Must 
also be adept at liaison.) 
Background in one of the fol- 
lowing areas is essential: 
Pulse radar, CW techniques, 
telemetry, infrared, data han- 
dling, communications, closed 
circuit TV, frequency analy- 
sis, command control, com- 
mand guidance, underwater 
sound, timing □ INSTRU- 
MENTATION PLANNING 
ENGINEERS EE, Physicist 
—with managerial capacities, 
to accept responsibility for 
specific global range instru- 
mentation concepts. Must be 
able to comprehend overall 
range instrumentation con- 
cepts and have extensive 
experience in one of the fol- 
lowing areas: radar, tele- 
metry, infrared, optics, data 
handling, communications, 
underwater sound, shipboard 
instrumentation □ 
SENIOR ENGINEERS & SCIENTISTS / FORWARD 
PLANNING PhD’s, Math., Physics, Applied Mechanics, 
Astronomy, Electronics — to evaluate and project the state- 
of-the-art in all applications to range instrumentation. Help 
establish both theoretical and practical limitations of exist- 
ing relevant technologies. □ In addition to all the un- 
common professional values, you get Florida, too! Those 
who enjoy casual, year-round, outdoor living are in their 
element at the Cape, where a majority of engineers and 
scientists live and play near the water. Consider too that 
PAN AM gives you a 90% world-wide air travel discount. 

Why not write us today, describing 
your interests and qualifications in 
any of the areas above. Address 
Dr. Charles Carroll, Pan American 
World Airways, Inc., P. 0. Box 
4336, Patrick Air Force Base, Fla. 

An Equal Opportunity Employer. 


A Message to the Engineer/Scientist Community At 
Large — and a Question: there’s a dynamic technological 
race going on at the Atlantic Missile Range, a race between 
the fast-increasing capabilities of new missiles and space ve- 
hicles and the capacity of range instrumentation to test their 
performance. □ We wonder how much you have heard 
about this. ...and about the challenge it offers engineers 
and scientists with PAN AM at Cape Canaveral? □ You 
may know a small segment of the work... many do. But 
only a handful are aware of its scope. In fact, we of PAN 
AM'S Guided Missiles Range Division sometimes think 
that only the ubiquitous sea- 
gulls know the full story of 
the new range instrumenta- 
tion technology we’ve created 
in the 9 years we’ve been 
charged with development 
and management responsibil- 
ities for AMR by the U.S. Air 
Force. □ The measure of 
the distance we’ve come is the 
measure of the technological 
jump between MATADOR 
and MARINER. □ In the 
simplest terms, this has meant 
acquiring ever greater funds 
of data, of ever higher accu- 
racy, at ever greater distances 
— and converting and trans- 
^ mining it at ever increasing 
speeds. □ FIRST, the exist- 
ing range instrumentation 
and communications tech- 
niques were pushed to the 
j utmost bounds of their capac- 
ities— then they were re- 
placed with new range 
s\ stems built to new concepts, 
as specified by PAN AM 
engineers and scientists 
backed by research groups. □ Today — a new phase of 
range technology development is under way— staff build-up 
is proceeding on schedule. □ To meet the demanding 
requirements of both today and tomorrow, much of the 
work of the Range is divided into three time projections: 

(A) designing and implementing range instrumentation for 
launches programmed for this year and next; 

(B) developing range technology concepts required for 
launches in the near future (Dyna-Soar, Gemini, Apollo 
test vehicles, advanced Saturn boosters and Nova) ; 
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ASTRONAUTS Glenn (top) and Schirra (below) take part 
in preflight checkouts of their Mercury spacecraft. 
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BY DONALD M. CORCORAN 


In the early stages of Project Mer- 
cury, the MSC Preflight Operations 
Div. was charged with directing the 
checkout and launch of the Mercury 
spacecraft. Test approaches and 
procedures were to assure the 
safety of the astronaut and the 
readiness of flight-worthy space- 
craft. What did these approaches 
and procedures entail, and how will 
they be extended to ground-crew 
operations in the Gemini and 
Apollo programs? 

Because of the urgency of the 
Mercury program, nearly all space- 
craft produced were used for flight 
testing, and few were available for 
developmental testing in the labo- 
ratories until late in the program. 
The preflight operations conducted 
at Cape Canaveral thus served not 
only to prepare a particular space- 
craft for flight, but also formed 
part of its design evaluation. 

This examination involved func- 
tional testing of the spacecraft sys- 
tems. Tests, repeated often, du- 
plicated as nearly as possible the 
different flight environments and 
modes. During the tests, any dis- 
crepancy, no matter how trivial, was 
scrutinized for its significance. De- 
sign changes, stemming from both 
the flights and these ground tests, 
were incorporated as rapidly as pos- 
sible so that the optimum spacecraft 
configuration was flown. The astro- 
nauts participated in all system 
checkouts at Cape Canaveral and 
reviewed all design changes. This 
gave them an intimate knowledge 
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of the spacecraft and its systems. 

Mercury checkout thus repre- 
sents the cumulative experience of 
launches over the past 2 1/2 years. 
It embodies six key points: 

1. Building-block approach to 
testing. 

2. End-to-end testing. 

3. Isolation and functional veri- 
fication of all redundancies. 

4. Interface testing and verifica- 
tion. 

5. Mission-profile duplication. 

6. Astronaut as an integral part 
of the system during test. 

These points represent a testing 
philosophy proved in practice. As 
they will be applied in future pro- 
grams, let’s look at each in detail. 

As applied to the Mercury pre- 
launch checkout, the building-block 
approach meant that no assumption 
was made as to the operational sta- 
tus of any equipment or system 
when the spacecraft was received 
at Canaveral. The operational sta- 
tus of each system and each com- 
ponent in the system was verified 
functionally before that system was 
operated concurrently or in con- 
junction with another system with 
which it might have an interface. 

This approach grew from an early 
review of missile-contractor check- 
out procedures at Cape Canaveral, 
and the known demands of the Mer- 
cury program in terms of time and 
safety. The review revealed that, 
at the initiation of most missile 
projects, the intention was to use 
only over-all systems test and simu- 
lated mission-checkout techniques, 
but that eventually individual com- 
ponent and system tests had to be 
used on almost all of these projects 
to assure flight readiness. Missiles 
under development clearly required 
a launch-site test program that es- 
tablished in detail the proper opera- 
tion of a component or system. 
Over-all system tests and simulated 
divrht tests that gave only “land- 
mark. go-no-go type” checks did not 
ray off. 

Then, there were other areas 
tidied — potential damage to equip- 
ment in transit; the manner in 
w hich factory checkout procedures 
related to actual Cape Canaveral 
checkout requirements; and calcu- 
; ted risks and potential time lost if 
• ; national problems arose when the 
" ta l system and simulated-mission 
•‘ s t approach was used. 
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It was decided that the quality of 
performance of all components and 
systems would be established by 
individual tests before testing the 
whole spacecraft system. Practice 
since underwrites this approach as 
giving the maximum confidence 
level in preflight operations. 

End-to-end testing means that 
during testing the initiating func- 
tion and end function are intro- 
duced as they actually would be in 
flight (minimum of artificial stim- 
uli). End-to-end testing has been 
used as much as possible. It can be 
seen clearly, for example, in the 
hangar-simulated flight test. 

For this test, the spacecraft, 
placed on its adapter, has the es- 
cape tower installed and all inter- 
nal components and wiring config- 
ured for actual flight. Test cabling 
is used only where T-connections to 
the system can be made. Thus, the 
process of signal monitoring in no 
way interrupts the flight wiring 
which carries the signal. Two- 
tenth-amp fuses are used as squib 
simulators. The electrical installa- 
tion is at the same point of connec- 
tion as is the actual squib. During 
the flight simulation, current is de- 
livered to the fuse exactly as it 
would be to the squib in actual 
flight. The fuse is sized to experi- 
ence an actual current slightly over 
the 3-amp “sure-fire” requirement 
on all Mercury pyrotechnics. 

A launch-vehicle simulator in this 
setup delivers signals to the space- 
craft system in the same manner 
and at the same place as it would in 
actual flight. The following exam- 
ple compares a sequence performed 
during a hangar-simulated flight 
with the same sequence in actual 
flight. The sequence selected for 
this illustration begins with the 
launch-vehicle-initiated signal of 
sustainer engine cutoff (SECO), 
just before spacecraft separates 
from booster. 

The launch-vehicle simulator pro- 
vides a 28-v DC signal to the space- 
craft-launch vehicle interface wir- 
ing, as would the launch vehicle dur- 
ing flight. With the use of actual 
flight wiring, this signal, through 
relay action, causes a firing voltage 
to be applied to the main clamp-ring 
bolts. In actual flight, the bolts 
would fire and the clamp ring would 
mechanically separate. In simula- 
tion, the fuses used as squib simula- 


tors are blown to verify signal de- 
livery and timing. Next, mechani- 
cal limit switches sense in-flight 
separation of the clamp ring and 
fire the posigrade rockets on separa- 
tion. Again, during simulation the 
limit switches are energized me- 
chanically as they would be in ac- 
tual flight and provide a firing sig- 
nal to the posigrade-rocket squib 
simulators. 

The test data are monitored by 
instrumentation pickups, radiated 
by the spacecraft transmitters, and 
received and displayed at the 
ground station as they would be in 
a flight. Warning lights in the 
spacecraft cabin, monitoring the 
sequence, are observed by the suited 
astronaut and transmitted by him 
to the ground station by UHF voice 
link, as in a flight. 

This end-to-end test process oc- 
curs during launch-complex testing 
also, the launch vehicle supplying 
the initiating signal instead of a 
simulator. RF command, voice, and 
data reception follow the test pro- 
cedure similarly. 

Such end-to-end testing must be 
performed to maintain the reliabil- 
ity of the total spacecraft, launch 
vehicle, and range combination at 
its highest level. 

All redundant signal paths are iso- 
lated and proved out functionally 
by end-to-end tests. These paths 
include redundancies both between 
the spacecraft and launch vehicle 
and within the launch complex. For 
example, the Mercury spacecraft 
contains two command receivers 
which perform the identical func- 
tions of responding to RF command 
to initiate signals for abort, retro- 
sequence start, change of orbital 
clock time, and R and Z calibration 
for the flight telemetry system. 
The RF signal can be generated 
during an actual operation by either 
of two low-power transmitters or 
one high-power transmitter located 
at the Cape Canaveral command 
building. The RF signal can be 
initiated from any of four stations 
at Cape Canaveral, three in the Mer- 
cury Control Center and one on the 
Test Conductor’s console at Com- 
plex 14. 

To verify redundancies, the abil- 
ity of each command receiver to re- 
ceive and react properly to the RF 
signal is tested separately. One 
receiver is turned off and all COm- 
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mands from all three transmitters 
are individually functionally tested. 
Then the first receiver is turned off, 
the second one is turned on, and the 
process is repeated. The whole 
process is repeated with both re- 
ceivers on to show that no mutual 
interference exists. 

Other redundant systems are 
tested in the same manner. This 
method contributes significantly to 
the achievement of a high confi- 
dence level in over-all system opera- 
tional reliability. 

There are two basic interfaces in 
Mercury — spacecraft to launch ve- 
hicle and space vehicle to range — 
and they include RF and hardwire 
links. These interfaces also re- 
ceive end-to-end testing and testing 
of all redundancies. They have 
caused few problems. The space- 
craft-launch vehicle hardwire in- 
terface transfers only six flight 
functions and several grounds. The 
RF equipment aboard the space- 
craft was chosen in the design state 
to match the existing capabilities 
of range equipment. Interface 
simplicity should be a design goal. 

Simulated mission tests involving 
the spacecraft, launch vehicle, and 
range are designed to approach 
functionally the actual mission con- 
ditions as closely as possible. These 
tests include simulating real-time 
functions all the way to orbit in- 
sertion. The astronaut occupies 
the spacecraft for these simulations 
and functions as he would be dur- 
ing the actual flight. 

A total mission simulation is not 
possible during any one test be- 
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cause of restrictions imposed by 
environment and space-vehicle con- 
figuration. After all tests, how- 
ever, the spacecraft has completed 
a series which, taken together, ap- 
proaches total simulation. The 
life-support systems, including the 
suited astronaut, undergo a mission 
simulation in an altitude chamber 
which duplicates pressure environ- 
ment and mission time. Mission 
simulations conducted at the launch 
complex with the spacecraft, astro- 
naut, launch vehicle, and range op- 
erating as they would during flight 
assure that no procedural or func- 
tional interference will be encoun- 
tered on launch day. 

As practiced in the Mercury pro- 
gram, mission simulation includes 
all predictable abnormal flight 
modes as well as the normal. Ab- 
normal flight modes include all 
abort configurations, all manual- 
override modes, partial power loss, 
parachute failure, etc. 

The astronaut functions during 
systems tests and mission simula- 
tions as he would during the actual 
mission, to double advantage: The 
system tested comes closer to flight 
configuration and the astronaut be- 
comes intimately familiar with the 
unique characteristics of his space- 
craft. 

This test experience developed in 
Project Mercury has proven practi- 
cal and reliable, and will be ex- 
tended to Apollo and Gemini. 

The checkout and launch opera- 
tions for the Gemini program are 
presently planned to be very simi- 
lar to the Mercury operation. The 
Gemini equipment and mission will 
retain enough similarity to Mer- 
cury that direct application of Mer- 
cury procedures will be possible in 
most areas. Any new- procedures 
needed will assume the basic tenets 
of Mercury philosophy. 

The evolution from a single 
spacecraft in Mercury to a number 
of modules comprising the Apollo 
spacecraft, on the other hand, in- 
creases both the scope and complex- 
ity of launch preparation and check- 
out. New procedures and tech- 
niques have consequently been 
evolved to checkout Apollo and 
launch it. Notable has been the 
planned use of automatic checkout 
for certain systems. Automatic 
checkout equipment will make use 
of a pulse-code-modulation (PCM) 


flight-data system. The supporting 
ground network will have a digital 
data-aquisition and -display system 
built around a digital computer. 
Data display will utilize an alpha 
numeric system and cathode-rav 
tubes. 

It is believed that automatic test- 
ing can be used without compro- 
mising basic Mercury philosophy. 
But automatic testing will be evalu- 
ated on a system-bv-system basis. 
For example, an on-board computer 
system would be very adaptable to 
automated checkout; but the value 
of utilizing automated checkout on 
life-support systems is questionable. 

MSC is now planning checkout 
and preparation of Apollo space- 
craft at Cape Canaveral. This work 
rests solidly on Project Mercury 
experience. 


OPERATIONS 

Flight 

control 

and 

monitoring 

and 

recovery 

BY SIGURD A. SJOBERG 

What constitutes flight control and 
monitoring and recovery operations 
for present and planned spaceflight 
programs? 

The basic functions of the flight 
control and monitoring team are: 

1. To increase flight safety and 
mission performance by providing 
the spacecraft crew with ground- 
based sources of information and 
data during normal or alternate 
missions and during mission emer- 
gencies. 

2. To control and direct un- 
manned flights required in manned 
spaceflight programs. 

The flight control and monitoring 
team obtains the information nec- 
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ber on its side and top, will irradi- 
ate the test article through ports in 
the chamber wall. An intensity up 
to 140 w/sq ft will be available, cor- 
responding to solar-radiation inten- 
sity at earth-lunar distances from 
the sun. The initial irradiated 
areas will be 13 ft wide by 30 ft 
high from the side, and 13 ft in 
diam from the top. Ports allow ex- 
pansion of solar simulation to areas 
25 ft wide by 75 ft high from the 
side, and 25 ft in diam from the 
top. Present plans call for a car- 
bon-arc solar simulator with radia- 
tion collimated within 1.5 deg and 
uniform in intensity within 5%. 

A variable-speed turntable will 
rotate (±180 deg, 0 to 360 deg 
reversible) test vehicles weighing 
up to 150,000 lb at rates up to 1 2/3 
rpm about the longitudinal axis. 
The turntable will be cooled with 
liquid nitrogen to 100 K and will 
rotate the spacecraft to obtain the 
desired orientation with respect to 
solar simulators. For lunar-sur- 
face simulation, the turntable may 
be heated as high as 400 K by elec- 
trical elements. 

This chamber will be manrated. 
It will contain three entry locks, 
one at each of three elevations, 
through which astronauts and other 
qualified personnel may enter it un- 
der test conditions to perform, for 
example, simulated extra-vehicular 
operations in space and on the lunar 
surface, and work associated with 
the test in progress. The manrat- 
ing of the chamber will permit real- 
time simulation of complete space 
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missions (except the ascent phase) 
for up to 30 days. To protect men 
operating in it, the chamber will 
have emergency repressurization to 
5 psia in 30 sec, the oxygen partial 
pressure being 3.5 psia. 

The chamber will permit develop- 
ment and evaluation tests on inte- 
grated systems in full-scale space- 
craft. Thermal-balance studies will 
be made with a crew on board and 
with all systems operating except 
propulsion and reaction control. 
These tests, conducted with astro- 
naut participation and for extended 
periods, will closely simulate the ac- 
tual space environment. 

Chamber B, for astronaut train- 
ing, is a vertical stainless-steel cy- 
lindrical vessel about 35 ft in out- 
side diameter and 43 ft high. It 
will take the combined Apollo com- 
mand and service modules. A re- 
movable hemispherical cap permits 
test articles to be inserted into the 
chamber. 

The Chamber B vacuum system 
will contain mechanical and diffu- 
sion pumps able to maintain a pres- 
sure of 10” 4 torr with a gas load 
corresponding to twice the leak rate 
estimated for an Apollo command 
module, a service module, and two 
space-suited personnel. Pumpdown 
from atmospheric pressure to the 
test condition will take about 3 hr. 

The cold-wall heat sink provisions 
for Chamber B are the same as 
those of Chamber A in concept and 
performance, but do not involve 
cryopump panels. The chamber 
floor will support a 75,000-lb test 
vehicle. Like Chamber A, it can be 
cooled by liquid nitrogen to 100 K 
or heated by electrical elements as 
high as 400 K. 

A solar simulator at the top of 
the chamber, much like that in 
Chamber A, will irradiate a 25-sq ft 
horizontal test area. Albedo simu- 
lation will not be provided initially. 
Ports in the vessel wall allow addi- 
tional solar-simulator modules to 
illuminate a 13- by 14-ft side area 
and a 13-ft diam area from the top. 

Chamber B will also be manrated, 
and will have one double man-lock. 
Closed-circuit television and win- 
dows in the chamber wall at the 
man-lock will cover operations in- 
side. There will be emergency re- 
pressurization, as in Chamber A. 

Chamber B will be used mainly 
to train astronauts, to develop 


Ml 


JNIM10NMU MS 




spacesuits and other personnel space 
equipment, and to develop astronaut 
techniques for free-space and lunar- 
surface operation. Capable of con- 
tinuous operation for 30 days, the 
chamber will allow astronaut train- 
ing in simulated real-time missions. 

The Flight-Acceleration Facility, 
illustrated on the facing page, will 
be able to subject an astronaut crew 
and operating equipment for a com- 
mand module to accelerations simu- 
lating those encountered during the 
launch and re-entry phases of the 
Apollo mission. Designed pri- 
marily for work with humans, it 
will have commensurate safety 
characteristics. 

Its rotating arm will initially 
measure 50 ft from the center of 
rotation to the center of the gon- 
dola. Provisions will be made to 
shorten or lengthen the arm by 10 
ft to increase performance or re- 
duce Coriolis effects. 

Of truss construction, the arm 
will support a 12-ft diam gondola 
having two degrees of freedom, 
nominally called pitch and roll. 
Hydraulic motors will power the 
gimbal system. The outer gimbal 
will be able to rotate ±300 deg at 
a rate that can move and return it 
180 deg from a zero position in 3 
sec. The inner gimbal will be able 
to rotate continuously in either di- 
rection at approximately twice the 
rate of the outer one. The payload 
capacity of the centrifuge will be 
3000 lb. Total weight at the end of 
the centrifuge arm will be approxi- 
mately 30,000 lb including the 
spherical gondola, gondola support- 
ing fork, gimbal rings, slip rings, 
and other control and support 
equipment. 

The facility will be powered by 
a single, large DC motor with a 
torque rating of 3.2-million ft-lb. 
It will be possible to go higher than 
this for momentary overloads. The 
payload can be accelerated from 2 
to 20 g in approximately 6 sec — 
adequate performance for simulat- 
ing accelerations of all normal mis- 
sions. The centrifuge will be able 
to operate steadily at a level of 20 g 
and up to 30 g for short periods. 

The flight-acceleration facility 
will have a comprehensive computer 
system, a prime function of which 
will be to insure the safety of test 
subjects. It will be able to control 
preprogrammed test runs by com- 
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essary to accomplish these func- 
tions from a worldwide network of 
telemetry receiving, voice communi- 
cations, and radar-tracking sta- 
tions, all of which are integrated 
into a ground operational support 
system, the focal point of which is 
the mission control center. The 
paper on flight operations facilities 
in this issue (page 87) describes 
present and planned ground sys- 
tems for manned spaceflight. This 
review will cover present and 
planned operations with these sys- 
tems, beginning with Mercury con- 
trol and recovery. 

The charts on page 73 describe 
the Project Mercury flight-support 
team. 

As the first chart indicates, the 
Operations Director commands mis- 
sion operations, the Network and 
Recovery Commanders supporting 
him. The Flight Director assumes 
detailed responsibility for the flight 
at liftoff. The responsibility of his 
flight-support team can be divided 
into two areas — flight monitoring 
and control and support activities. 
The following paragraphs describe 
the functions of the positions indi- 
cated in the first chart on page 73. 

Spacecraft Communicator — com- 
municates with astronaut during 
powered flight and when the space- 
craft is in radio range of the control 
center. 

Flight Dynamics Officer — has 
over-all coordination responsibili- 
ties for the computing complex sup- 
porting the mission, monitors the 
trajectory displays indicating 
launch-vehicle performance, with 
aid of computer outputs makes the 
go-no-go decision on orbit suitabil- 
ity at insertion into orbit, and mon- 
itors orbital parameters. 

Retrofire Controller — responsible 
lor establishing time of retrofire 
for both normal and aborted flights 
that landing occurs in desired 
areas. 

Flight Surgeon — responsible for 
; fll aeromedical aspects of the mis- 
sion. 

Environmental Control Monitor — 
monitors spacecraft’s' life-support 
system. 

Launch Vehicle Monitor — moni- 
tors launch-vehicle performance. 

Spacecraft Systems Monitor — 
monitors performance of spacecraft 
-ight-control systems, electrical 
power systems, etc. 
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In addition, the Network Status 
Monitor conducts the Mercury net- 
work countdown and coordinates 
network support during operations. 
The Recovery Coordinator keeps 
the Operations Director and the 
Flight Director informed on status 
of recovery forces and recovery con- 
ditions and keeps the Recovery Com- 
mander informed on mission status 
and landing-point predictions. The 
Support Control Coordinator man- 
ages the control-center systems 
support. 

The second chart shows the or- 
ganization at a remote site. The 
Spacecraft Communicator acts as 
the Flight Director for his particu- 
lar station and is responsible for 
making decisions affecting the 
flight if time is not available to 
obtain direction from the control 
center. The Spacecraft Systems 
and Aeromedical monitors observe 
spacecraft systems performance 
and aeromedical aspects of the mis- 
sion, respectively. 

The training and simulation ac- 
tivities of this team include famil- 
iarization with spacecraft and 
ground systems through personal 
study, formal lectures, training 
time in a spacecraft procedures 
trainer, team training in operating 
procedures both within a site and 
for the entire network, and, for 
each mission, a series of simulations 
of both normal and aborted flights. 

Two simulation facilities — the 
complete remote-site simulator 
linked with the procedures trainer 
and Mercury Control Center itself 
linked with the procedures trainer — 
have been particularly valuable. 
The latter allows simulating com- 
plete missions, launch through land- 
ing. Trajectory displays of the 
launch and of orbital flight are 
activated by taped inputs to the 
Mercury computing system. Also, 
by using taped inputs from the pro- 
cedures trainer, orbital passes hav- 
ing the proper sequences are simu- 
lated at the remote stations. 

Simulation of this kind has pro- 
vided a means of developing good 
operational procedures between the 
astronaut and the flight-support 
team and between the flight-support 
team and a station’s maintenance 
and operations personnel. 

Mission rules were developed for 
each Mercury mission, from start 


of countdown through recovery, to 
establish a course of action for al- 
most any malfunction or anomaly. 
Simulation of the powered phase of 
flight has been particularly valu- 
able because, if malfunctions occur 
then, a decision to continue or ter- 
minate must be made very quickly. 

For the manned one-day mission, 
the only significant change will be 
that two shifts of personnel will be 
required in the Control Center and 
at a few of the remote stations. 
These two crews will operate on 
about a 10-hr-on, 10-hr-off basis, 
with an overlap of about one orbit 
between shifts. Shifts will not be 
required at most of the remote sta- 
tions because they will not be in 
contact with the spacecraft during 
many orbits. 

Substantial changes are being 
planned and implemented in flight 
control and monitoring for the 
Gemini program. Beginning with 
the Gemini rendezvous missions, the 
Integrated Mission Control Center 
(IMCC) near Houston, Tex., will 
be used instead of MCC at Cape 
Canaveral. The ground computer 
complex and the communications 
center will be a part of IMCC. 

For longer-duration Gemini mis- 
sions, three shifts will be required 
at the control center and two at the 
remote sites. Mission organization 
will be much the same as Project 
Mercury’s. An increase in systems 
and mission specialists supporting 
operations room personnel is 
planned, owing to increased mission 
complexities, such as rendezvous 
and docking. 
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In the Mercury program, the 
computing complex is used only for 
generating trajectory information. 
In Gemini, however, the computing 
complex will also be used in per- 
forming systems analysis, for ex- 
ample, determining the best way to 
use on-board propulsion in rendez- 
vous. Fewer remote stations will 
be used with Gemini (nine PCM 
telemetry stations, seven having 
digital up-data links). 

Training and simulation activi- 
ties for Gemini will be much the 
same as for Mercury. However, 
simulation capabilities available at 
IMCC will be substantially ex- 
panded over that available in the 
Mercury program. Two simulated 
remote sites will be provided in the 
IMCC. These sites will be tied in 
with a Gemini spacecraft simulator. 
The system will allow closed-loop 
simulations of orbital passes over 
remote sites. Also, trajectory dis- 
plays and data will be supplied from 
computer programs rather than 
tapes and will be closed-loop, in- 
stead of open-loop as in the Mer- 
cury program. Actual remote sta- 
tions will not have a closed-loop 
simulation capability. 

Much planning for Apollo and 
Gemini is proceeding concurrently. 
Ground facilities, with few if any 
exceptions, will be compatible with 
spacecraft of both projects. The 
flight-support organization for 
Apollo will be much the same as for 
Gemini, but additional system and 
mission specialists will be required, 
owing to increased spacecraft and 
mission complexity. 

It is highly desirable to reduce 
remote-site personnel requirements. 
The main problem consists of how 
to send adequate information back 
to the control center via links not 
adequate for data-flow require- 
ments. One solution is to provide 
data processors at the remote sites, 
so that only processed data will be 
transmitted to the control center. 
Such a system is under study for 
Apollo. Training, simulation, and 
flight-control activities for Apollo 
flights will be much the same as 
Gemini. 

Although there has been little 
specific operational planning for a 
manned space-station program, 
some general statements can be 
made. By* far the largest part of 
the flight-support effort will be in- 


volved in the logistic-vehicle opera- 
tions (launch, rendezvous, and re- 
turn to earth). Operational tech- 
niques developed in present pro- 
grams, for example, Gemini, will be 
directly applicable to a space-sta- 
tion program. Flight monitoring 
will require few, if any, additions 
to ground facilities planned through 
Apollo. It is also anticipated that 
flight monitoring support would not 
involve a large real-time effort. 
First, the orbit of the space station 
would undergo only slow changes. 
Second, it must be inherent in the 
space-station design that malfunc- 
tions that do occur will not endan- 
ger the crew or result in catastro- 
phic failures in a short time period. 
Voice contact with the station crew 
must be possible at frequent inter- 
vals — perhaps once per orbit — and 
a ground staff must be ready to ad- 
vise the flight crew on repairs, 
flight plans, etc. In essence, the 
mission scheme should minimize 
real-time monitoring and control 
from the ground except during 
logistic-vehicle operations. 

The basis of the recovery plan- 
ning for Project Mercury has been 
to provide a positive course of ac- 
tion for all probable recovery situ- 
ations and to provide a recovery- 
force deployment which is commen- 
surate with the probability of oc- 
currence. In establishing recovery 
force requirements and deployment, 
detailed analyses of the mission are 
performed to establish the nominal 
mission landing areas and the prob- 
ability of landing occurring in 
other areas. Among the most im- 
portant considerations are launch- 
vehicle and spacecraft malfunctions, 
including the probability and time 
of occurrence, the desirability of 
daylight landings and the amount 
of daylight time available for 
search and recovery operations, 
spacecraft on-water endurance in- 
cluding the power available in the 
postlanding phase, weather, staging 
areas for ships and aircraft, and 
communications available. There- 
fore in planning recovery opera- 
tions, account must be taken of both 
nominal and aborted flights. One 
factor which has dictated the need 
for a large part of the recovery 
force in the Mercury program is 
probability of abort during flight. 
This factor will continue to be im- 
portant in future manned space- 


flight programs. 

Based on an analysis of the mis- 
sion, the following recovery-force 
requirements were established in 
Project Mercury. Forces were de- 
ployed near the launch site for res- 
cue during the latter part of the 
countdown and for recovery from 
aborts early in powered flight. 
Helicopters, amphibious vehicles, 
and salvage ships were used to pro- 
vide rapid access to the spacecraft. 
Forces were positioned for recov- 
ery in planned landing areas for 
aborts at various times during pow- 
ered flight and, once orbital flight 
was achieved, on approximately a 
once-per-orbit basis. Airplanes for 
conducting search and location op- 
erations and ships, some of which 
had helicopters aboard, were de- 
ployed in the planned landing areas. 
The probability of landing in 
planned landing areas was high. 
Recovery could be accomplished in 
a relatively short time (maximum 
of 3-6 hr) . 

Forces for conducting search and 
location operations were deployed to 
strategic locations in case a landing 
occurred at almost any point along 
the ground track. A typical search 
unit consisted of two aircraft 
equipped to receive UHF-DF signals 
from spacecraft beacons and to con- 
duct point-to-point and air-to- 
ground communications. Parares- 
cue personnel (two per airplane) 
were included to provide on-the- 
scene assistance, on land or sea. 

For the first two manned orbital 
flights, contingency recovery teams 
were deployed to 16 locations, so 
that, after a landing at any point 
on the ground track, a maximum of 
18 hr would be required to locate 
the spacecraft. No retrieval forces 
were deployed for the contingency 
areas because of the low probability 
of a landing occurring in these 
areas. However, procedures were 
available for providing retrieval 
support if a landing occurred in 
such an area. Essentially, all re- 
covery forces are provided by the 
Department of Defense. 

Recovery forces for the manned 
one-day mission have been evolved 
on essentially the same basis as for 
Mercury. Planned landing areas 
for supporting recovery after an 
abort from powered flight are the 
same as for Mercury. After or- 
bital flight is achieved, recovery 
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forces will be positioned so that the 
spacecraft could land in a planned 
area at intervals of roughly 1 1/2 
hr, this being reasonable from the 
standpoint of the number of re- 
covery forces required and the con- 
fidence in spacecraft systems. All 
planned landings are in daylight in 
broad ocean areas. By properly 
selecting such areas (for instance, 
near the intersection of different 
orbital ground tracks), one recov- 
ery unit can support several areas. 
Moreover, a recovery unit can move 
several hundred miles during the 
course of one-day mission, and 
thereby support several areas. 

Since the orbital ground track for 
this mission covers much more of 
the earth’s surface than was cov- 
ered on the previous three- and six- 
orbit flights, the number of search 
aircraft and crews required to sup- 
port contingency landing areas will 
be increased. Recovery forces re- 
quired for presently planned one- 
day missions are probably as great 
or greater than will be required for 
longer-duration missions in future 
programs. 

The Gemini spacecraft, launch 
vehicle, and missions (see page 35) 
differ considerably from the Mer- 
cury, and this will influence recov- 
ery-force requirements to some de- 
gree. Requirements for the Gemini 
launch-site recovery force are simi- 
lar to those for Mercury; but, if the 
Gemini pilots should land in water 
after ejecting from the spacecraft, 
timeliness in rescuing them be- 
comes more critical. 

The use of the paraglider on 
Gemini, with the attendant land 
landing, eliminates recovery forces 
associated with one planned landing 
area in the ocean. Land return 
would be in the southwest U.S. 
Many of the areas planned for land- 
ing at various intervals after the 
achievement of orbital flight will, 
in all probability, be in broad ocean 
areas. 

Although land as opposed to 
water landings are highly desirable 
r *rom the standpoint of the much 
friendlier postlanding environment, 
the difficulty exists in finding and/ 
or preparing landing areas with a 
suitable terrain over an area large 
enough to allow for landings after 
deviations from nominal in re-entry 
guidance and control. As confi- 
dence in the re-entry guidance and 
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control systems and techniques are 
developed with experience, addi- 
tional land landing sites will be 
used instead of water landings. 

For early Gemini flights, con- 
tingency recovery support will be 
similar to that required for com- 
parable Mercury missions. 

The Apollo spacecraft will be able 
to make either land or water land- 
ings by parachute. For Apollo 
earth-orbit missions, the basic re- 
covery concepts developed for Mer- 
cury and Gemini will be continued. 
In the time period of Apollo orbital 
missions, some of the search and 
recovery equipment developments 
discussed below might be available. 

Most difficult Apollo recovery 
problem involves malfunctions ne- 
cessitating abort after translunar 
injection, primary re-entry guid- 
ance and control-system failures, 
etc. These might cause landings to 
occur anywhere over a large part of 
the earth’s surface. No radar 
tracking would be available during 
re-entry as an aid for landing-point 
determination, since it would be 
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prohibitively expensive to provide 
this capability. 

A worldwide HF-DF network for 
receiving signals from beacons in 
the spacecraft after landing could 
be used to determine its location. 
Such a system is already in exist- 
ence for a considerable part of the 
northern hemisphere at latitudes of 
interest. Extension to areas not 
now covered, particularly in south- 
ern latitudes, would be highly de- 
sirable. Both ground and airborne 
systems could be incorporated into 
the network. If HF-DF systems 
were incorporated into high-speed 
long-range aircraft, perhaps 20 air- 
craft in all would be sufficient for 
search purposes after spacecraft 
landing in a contingency area. 

A reliable technique for air 
pickup of a crew landed in a con- 
tingency area would be very advan- 
tageous. Both air-snatch and long- 
line pickup techniques have been 
developed to some degree. Incor- 
poration of either into long-range 
high-speed aircraft is desirable for 
recovery in contingency areas, and 
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could also eliminate some “lower 
probability” planned landing areas. 
The recovery of the spacecraft 
could be accomplished by surface 
vehicles at a more leisurely pace 
after the flight crew had been re- 
covered. Flotation gear would be 
attached to the spacecraft to insure 
its flotation if the landing should 
occur on water and location buoys 
would be attached as a location aid. 

There has been little recovery 
planning for a space-station proj- 
ect, but concepts developed for the 
other programs discussed here are 
directly applicable. Major recov- 
ery-force requirements will be as- 
sociated with logistic-vehicle opera- 
tions, particularly if launch-vehicle 
stages are recovered. In a space- 
station program, contingency re- 
covery forces would be required 
nearly full-time to support logistic 
vehicles. Other manned space pro- 
grams, however, will likely be op- 
erational during the same period, 
and these could engage the same 
recovery forces. 


OPERATIONS 

Flight 

crew 

requirements 

BY RICHARD E. DAY 

The Manned Spacecraft Center se- 
lects and prepares the flight crews 
for present and future NASA 
manned space programs. What are 
their requirements and how are 
they prepared for space missions? 

“The NASA Astronaut Program” 
by Walter C. Williams and Warren 
J. North ( Aerospace Engineering , 
Vol. 21, No. 1, Jan. 1962, pp. 13-15) 
describes the selecting of astro- 
nauts in detail. Briefly, the men 
are selected for obvious physical 
endowments, a certain age range, 
and education and professional 
background that will minimize their 
training. 

Nine new men joined the first 
seven astronauts in October 1962, 
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early enough to gain full indoctrina- 
tion and general participation in 
the engineering and development of 
the Gemini and Apollo programs. 
These 16 men, now in various stages 
of intensive training, will provide 
the primary and alternate crews for 
missions in overlapping programs. 
Additional men will be picked as 
hardware and program develop- 
ments demand them. 

The general training program for 
Gemini and Apollo includes science 
lectures, field trips to government 
and contractor facilities, systems 
briefings, engineering development 
participation, and environmental 
and operational training. 

Astronomy, flight mechanics, 
computer theory and operation, 
rocket propulsion, communications, 
aerodynamics, guidance and navi- 
gation, atmospheric and space 
physics, selenology, meteorology, 
and medical aspects of spaceflight — 
these subjects form the science lec- 
tures, which are space-mission ori- 
ented. For example, the naviga- 
tional tasks of the complete Apollo 
mission — from lunar insertion to 
earth-re-entry energy management 
— require knowledge of the first 
seven topics. 

System briefings are presented 
and constantly updated as hard- 
ware develops. Systems trainers 
(see page 82) help develop systems 
knowledge and reduce training 
time. 

As in the Mercury program, the 
flight crew will both follow and par- 
ticipate in engineering develop- 
ments, and educate each other in 
specific areas. 

Centrifuge programs will famil- 
iarize the pilots with launch 
and re-entry acceleration profiles 
under normal and emergency condi- 
tions and allow them to evaluate 
spacecraft systems, such as controls 
displays and restraints. They will 
be familiarized with pressure-suit 
characteristics and mobility. Each 
man will be trained to recognize his 
own symptoms caused by high con- 
centration of carbon dioxide. Their 
survival training will cover land- 
ings in water, desert, or tropics. 

The astronauts will gain opera- 
tional training through a variety of 
fixed-base and free-flight simulators 
(see page 78), many simulating 
Gemini and Apollo missions from 
launch to near-landing. Instruc- 


tors will be able to insert malfunc- 
tions, and the crew in turn will be 
able to perform in-flight tests and 
maintenance operations. Many 
early flights, moreover, will involve 
training. For example, lunar-ex- 
cursion-module docking will be 
tried in earth orbit before a lunar 
mission. Throughout the program, 
the astronauts must maintain their 
flight proficiency in high-perform- 
ance aircraft. 

Specific flight-crew preparation 
requires practically full-time par- 
ticipation of the primary and alter- 
nate crews at the launch site. This 
preparation may begin three or 
more months before the scheduled 
flight, depending on the complexity 
of the mission. At that time, all 
spacecraft-engineering and flight- 
plan changes should be held to mini- 
mum, and so permit adequate check- 
ing of spacecraft systems, and allow 
the crew time to acquaint them- 
selves thoroughly with the systems 
and planned operations. 

During this period, the large 
number of operational checks in the 
white room, vacuum chamber, and 
vertical assembly tower, or on the 
launch complex, require part or all 
of the crew’ for participation or ob- 
servation. 

The crew will utilize the mission 
trainer to practice normal and 
emergency procedures, guidance 
and navigation, control-mode 
switching and tasks, and test moni- 
toring and maintenance. In the 
final stages of preparation, inte- 
grated network simulations will be 
conducted with all ground and flight 
crews participating. 

From this regimen the flight crew 
will emerge ready for its mission. •• 
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CAPABILITY. .. 17 YEARS OF EXPERIENCE 


complete successes in 44 launches. Bullpup— the nation's 
only supersonic air-to-surface missile, so reliable it is 
handled like a round of ammunition without pre-flight 
check-out. Lacrosse— with pinpoint accuracy. All three on 
duty with Army, Navy, or Air Force. 

HARDBASE ACTIVATION. Responsible for hardbasing 
Titans I and II— history's most difficult construction feat. 
Completed on schedule for Titan I. Progressing on sched- 
ule for Titan II. 

RE-ENTRY BODY DEVELOPMENT. Specifically, Pershing 
—ablative nose cone which withstands rapid acceleration, 
deceleration and high re-entry heats. 

NUCLEAR POWER SYSTEMS. SNAP generators for land, 
sea, and space systems— world's first in space, first un- 
dersea, first lighthouse, first weather station. Portable 
reactors at Sundance, Wyoming, and South Pole. 

AIR DEFENSE AND COMMUNICATIONS. Missile Master 
and BIRDiE electronic air defense systems operational in 
29 major metropolitan areas. RACEP communications 
system, providing direct-dialing, telephone-type service 
for700simultaneous conversations on a single frequency 
channel without wires or central switchboard. Missile 
command and control systems, ASW systems. 


MATERIAL DEVELOPMENT. Exotic materials, with high 
heat flux, high strength with low weight. First production 
technique for fusion welding of high-strength aluminum 
alloy. Isotopic fuel forms, tubular fuel elements. Semi- 
conductor materials research, microelectric elements, 
cryogenics, ceramic heat shields, plastics, surfex, molyb- 
denum honeycomb. 

APPLIED RESEARCH. Advanced work in hypersonic aero- 
dynamics. Cryogenics, lasers, masers, celestial mechan- 
ics, guidance, quick reaction controls, stability, structures, 
millimeter wave theory, thin films, infrared detectors, 
computer technology, thermoelectricity, mission simula- 
tion, mathematics, checkout systems, advanced fabrica- 
tion, solid state. 

SYSTEMS MANAGEMENT. In the past five years, 
1957 to 1962, Martin has delivered $3 billion in 
total contracts. $2.9 billion were completed at 
or under contract cost. $2.8 billion on or ahead 
of schedule. 

At Martin, systems management means the 
best possible product at the lowest possible cost 
in the shortest possible time. 
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FACILITIES 

FOR 


SPACECRAFT 

DEVELOPMENT 


A discussion 
of major facilities 
now in planning or 
design phase for 
the manned spaceflight 
program, divided 
into three sections, 
covering 
environmental, 
acceleration and 
structural facilities; 
training and 
simulation facilities; 
and the integrated 
mission control center 


MSC Test Facilities 

BY JOSEPH N. KOTANCHIK AND H. KURT STRASS 


The Manned Spacecraft Center at 
Houston, Tex., is constructing a 
group of facilities essential to its 
mission of developing and operating 
manned spacecraft. The facilities, 
reviewed here, will have capabili- 
ties which, in general, do not exist 
elsewhere in terms of size, perform- 
ance, manrating of equipment, or 
work loads. They will also satisfy 
requirements related to astronaut 
training, which will be centered at 
MSC. 

The Space Environment Simula- 
tion Facility, illustrated above, will 
contain two space chambers, the 


larger for space and lunar-surface 
environment simulation, and the 
smaller for astronaut training. The 
two chambers will go in one build- 
ing and share much auxiliary equip- 
ment and service — liquid-nitrogen 
refrigeration, mechanical pumps, 
data handling, astronaut prepara- 
tion, etc. The area between the 
chambers will be used to prepare 
spacecraft for environmental tests. 
The construction schedule calls for 
partial operational capacity (vac- 
uum only) in September 1964 and 
complete operational capability in 
March 1965. 
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The space and lunar-surface en- 
vironment simulation chamber, des- 
ignated Chamber A, shown above 
right, will produce the vacuum, 
thermal, and solar-irradiation en- 
vironment of space and the lunar 
surface. A vertical cylindrical 
stainless-steel vessel approximately 
65 ft in diam and 120 ft high, with 
a side access door 40 ft in diam, the 
chamber will accommodate not only 
the full-scale Apollo spacecraft, but 
also larger spacecraft — up to 75 ft 
high, 25 ft in diam, and 40 ft in 
base (landing gear) diam. Its 
hemispherical top will contain four 
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lifting hoists for handling space- 
craft modules inserted through the 
side door. These hoists will also 
suspend spacecraft for vibration 
tests. 

Chamber A will employ a com- 
bination of mechanical, diffusion, 
and 20-K cryopumping equipment 
capable of maintaining a pressure 
of 10" 5 torr under a gas load corre- 
sponding to double the leak rate esti- 
mated for an Apollo spacecraft and 
two space-suited personnel. Pump- 
ing down from atmospheric pres- 
sure to the test condition will re- 
quire approximately 24 hr. 


The chamber's interior will con- 
tain a shroud of black, nitrogen- 
cooled panels at approximately 
100 K to simulate the heat-sink 
characteristics at the space environ- 
ment. To the maximum extent 
practical, all surfaces in the cham- 
ber viewed by the test article will 
consist of such heat sinks. Cryo- 
pump surfaces cooled by gaseous 
helium will be shielded from the 
test vehicle by the nitrogen-cooled 
panels to minimize helium-refrig- 
eration requirements. 

Solar simulators of modular de- 
sign, mounted external to the cham- 
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bining the desired test characteris- 
tics with the applicable equations 
of motion. Another function of the 
computer will be to take control 
signals or other inputs from the 
test subject, combine these with the 
proper equations and limiting fac- 
tors of the equipment, and compute, 
on a real-time basis, the proper in- 
put for the instrument panel and 
the correct signals to the arm and 
gimbal control systems to give the 
desired acceleration history. 

The flight-acceleration facility 
will chiefly train astronauts in 
spacecraft operation. The simula- 
tion of spaceflights will be as realis- 
tic as possible. The gondola occu- 
pants will have full control of its 
motions (within limits of safety) 
as in actual spacecraft operation. 
The spacecraft instrument panel 
will be duplicated, and inputs de- 
rived from control will be displayed 
for the astronauts' use. Appropri- 
ate control equations will be fed 
into the instrument panel via a 
closed-loop computer to simulate 
actual missions more closely. The 
facility will also be used for physio- 
logical testing of crew personnel 
and acceleration testing of crew 
equipment and operating systems. 

The Thermochemical Test Area 
will comprise a complex of five test 
facilities and a central laboratory 
for evaluation and qualification of 
spacecraft fluid and power systems. 
The nature of this testing requires 
some isolation from other MSC fa- 
cilities. The five facilities are as 
follows : 

1. A reaction-control test facility 
to evaluate hot firings of single 
thrusters or subsystems at sea level 
and at altitude conditions. 

2. An attitude-control test fa- 
cility to evaluate reaction-control 
and guidance and sensing subsys- 
tems and components on an air-bear- 
ing test bed with three axes of free- 
dom, simulating spacecraft pitch, 
roll, and yaw “hold-limit" cycles, 
and maneuvers through a closed- 
loop control system. 

3. A space power systems test 
facility to evaluate a wide range of 
dynamic electrical-power generation 
systems and components used in 
manned spaceflight. Initially, it 
will allow testing of hydrogen- 
oxygen fuel cells and dynamic 
engine-generator combinations uti- 
lizing hypergolic fuel-oxidizer mix- 


tures at power levels up to 5 kw. 
Test-data recording and control in- 
strumentation and equipment will 
support simulated mission-cycle 
tests of up to 20 days for fuel cells 
and up to 48 hr for hypergolic 
engines. 

4. A fluid-components test facil- 
ity to evaluate components under 
varying environmental and operat- 
ing conditions. This will have four 
cells for testing individual com- 
ponents and subsystems with fuel, 
oxidizer, gaseous nitrogen, gaseous 
helium, and demineralized water. 
There will also be a cleaning system, 
and a clean room for the prepara- 
tion and later examination of test 
items. 

5. A pyrotechnics test facility to 
evaluate the performance of electro- 
explosive devices after or during 
exposure to the varying and com- 
bined environments of shock, vac- 
uum, acoustic noise, vibration, tem- 
perature, and an assortment of 
gaseous vapors experienced during 
spaceflight. These devices will in- 
clude gas generators, separation de- 
vices, ejectors, and initiators. 

Besides these test facilities, there 
will be a thermochemical systems 
laboratory that will have a calibra- 
tion lab, electronics lab, data-reduc- 
tion office, and thermoelectric lab. 
This laboratory will house person- 
nel who conduct tests in the various 
facilities in this area. 

A Structures and Materials Labo- 
ratory will cover developmental and 
evaluation testing of spacecraft ma- 
terials and spacecraft structural 


components ranging in size up to 
complete spacecraft. It will be con- 
cerned in particular with materials 
behavior at very low and very high 
temperatures. Low-temperature 
tests will involve cryogenically 
cooled equipment and vacuum envi- 
ronments. High-temperature tests 
will primarily be concerned with 
evaluation of thermal-protection 
materials for spacecraft, and will 
employ electric arc-powered equip- 
ment and radiant heaters. 

For investigating spacecraft 
structural problems, the laboratory 
will be equipped to subject com- 
ponents, modules, and, in some in- 
stance, assemblies of modules, to 
static, acoustic, or vibration load- 
ing. Conventional testing equip- 
ment will be employed for static 
loading tests. The type of acoustic 
loading equipment has not yet been 
decided on. Vibration test equip- 
ment will consist of six 10,000-lb 
capacity electromagnetic thrusters, 
which can be operated independently 
or from a central control, and which 
will be able to apply sine-wave or 
random loading to the test article. 

The primary function of the 
Structures and Materials Labora- 
tory will be to conduct tests and 
studies directly related to problems 
of manned spacecraft. 

As has been indicated, the major 
test facilities planned for the NASA 
Manned Spacecraft Center consti- 
tute a valuable addition to the ca- 
pabilities of the country for suc- 
cessful execution of current and fu- 
ture manned spacecraft programs. 



this flight-acceleration FACILITY will be able to subject an astronaut crew and operating 
equipment for a command module to a wide range of flight profiles. 
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APOLLO COMMAND-MODULE FLIGHT TRAINER will take this form. 


FACILITIES 




HAROLD I. JOHNSON, 

inventor of the ALFA 
trainer for Mercury 
program astronauts, 
is head of MSC’s 
Spacecraft Operating 
Br. He has been at 
Langley since '41. 


As we move toward future manned 
spaceflight programs, there will be 
brought into play a broad range of 
training and simulation facilities in 
NASA, other government agencies, 
and private industry. We use the 
term “facility” in the broadest 
sense — from an airplane pressed 
into use for zero-gravity familiari- 
zation to a large moving-base simu- 
lator housed in its own permanent 
building. 

Here, we will look only at the 
facilities for future manned space- 
flight projects — Gemini, Apollo, and 
others as yet unapproved. Knowl- 
edge being generated in Project 
Mercury or in early project-oriented 
engineering simulations may, of 
course, require facilities besides 
those covered here. 

Gemini and Apollo will be dis- 
cussed together at first because of 
the great similarity of many of the 
facilities being planned for these 
two projects. 

The sketch on this page shows the 
approximate configuration of the 
Apollo command-module flight 





trainer, an example of one of the 
proposed facilities. A lunar-excur- 
sion-module (LEM) flight trainer 
for Project Apollo, corresponding to 
this simulator in functions, will 
probably be proposed. 

The table on the facing page pre- 
sents the simulation and training 
facilities proposed for projects 
Gemini and Apollo. Since items 1 
to 5 are almost identical, they can 
be discussed together. The Gemini 
and Apollo flight trainers will : 

1. Familiarize the flight crew 
with the appearance and operational 
modes of all the instrument dis- 
plays, switches, and control systems 
in the spacecraft. 

2. Acquaint the crew with many 
expected out-the-window views. 

3. Train the crew to detect and 
correct anticipated systems failures. 

4. Acquaint the crew with the 
dynamic response characteristics of 
the spacecraft, as shown by both 
flight instruments and out-the-win- 
dow displays for spacecraft motions 
caused either by automatic or man- 
ual control systems. 
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FACILITIES FOR TRAINING ANO SIMULATION 


Project Gemini 

Gemini flight trainers 

Gemini part-task trainer 
(modified Mercury procedures trainer) 

Gemini centrifuge simulations 

Gemini egress trainer 

Gemini paraglider trainer 

Gemini docking simulator 

Gemini systems trainers 
Miscellaneous training facilities 

a. Mock-up trainer 

b. Zero-gravity airplane trainers 

c. Manned aerospace flight simulator 

Static and dynamic docking simulators 
(Langley Research Center) 



Project Apollo 
Apollo flight trainers 
Apollo part-task trainers 

Apollo centrifuge simulations 

Apollo egress trainer 

Free-flight lunar landing simulator 

Lunar landing facility 
(Langley Research Center) 

Three-dimensional lunar trajectory simulator 

Miscellaneous training facilities 

a. Mock-up trainer 

b. Zero-gravity airplane trainers 

c. Mid-course navigation simulator 
(Ames Research Center) 

d. Static lunar landing simulations 

e. Static earth landing simulations 


5. Familiarize the crew with 
over-all mission timing and allow 
crew members to practice tasks in 
a specific flight plan. 

This wide range of objectives 
makes these flight trainers the most 
important, and probably the most 
costly, of the training devices which 
will be used in either project. Only 
one factor allowing appreciable cost 
reductions can affect these flight 
trainers: The actual physical 

translational and rotational motions 
of the spacecraft will not be simu- 
lated, even as “washed out motion." 

The justification for this omis- 
sion is based on comments of all 
the astronauts who have flown the 
Mercury spacecraft. Apparently, 
rotational motions in space more 
nearly resemble a mojtionless state 
than a rotating motion in a 1 -g 
environment, insofar as body sensa- 
tions are concerned. At any rate, 
the astronauts report that display 
motions alone in fixed-base simula- 
tors constitute a surprisingly good 
approximation of combined instru- 
ment and body movements under 
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weightlessness in space. Linear ac- 
celerations during launch and re- 
entry can be reproduced satisfac- 
torily as a part-task on the centri- 
fuge and therefore need not be pro- 
vided in the flight trainers. 

Flight-trainer interiors will be 
replicas of the spacecraft. All in- 
terior displays will be activated and 
will operate as an analog of the ac- 
tual spacecraft equipment, even 
though actual spacecraft equipment 
will usually not be used. Hybrid 
computers (a combination of analog 
and digital) will be employed to 
simulate both on-board systems and 
spacecraft response characteristics. 
The long-term navigation calcula- 
tions requiring low, or no, computer 
drift will be handled by the digital 
computer, as will most simulation of 
on-board systems for which discrete 
actions or failures require certain 
discrete responses. Analog com- 
puters will be used for short-term 
high-response applications and for 
analog instrument readouts where 
small errors are not particularly im- 
portant or where the analog read- 


out can be periodically corrected 
either by the digital computer or 
by an instructor. 

Out-the-window displays for the 
flight trainers have not been de- 
cided upon yet. The Gemini trainer 
will probably have a fairly accurate 
visual display of the celestial sphere, 
a display of the rendezvous vehicle, 
and a display of the earth, partially 
covered by clouds. The Apollo 
trainer will probably have, in ad- 
dition to the foregoing, a display of 
the earth and moon from a wide 
range of distances and a detail dis- 
play of the known part of the moon 
from close orbits. The LEM trainer 
will probably have a celestial dis- 
play and a display of the moon 
ranging from close orbits to certain 
selected landing sites. 

Providing good out-the-window 
displays for these trainers appears 
to be one of the most difficult tasks. 
Many display systems are being 
studied at the present time. Some 
of the most promising techniques 
under study include new methods 
of producing virtual images (which, 
by nature, have extremely high 
resolution), high resolution closed- 
circuit television systems, beam- 
splitter techniques for combining 
various scenes easily, and methods 
of generating scenes electronically 
which eliminate the need for actual 
models. 

It is expected that two each of 
the Gemini and Apollo flight train- 
ers will be procured. One of these, 
for early generalized training, will 
be located at the Manned Space- 
craft Center. The other, for specific 
preflight training, will be at Cape 
Canaveral. These flight trainers 
will be fundamental components of 
the mission-simulation complexes, 
allowing all the operational person- 
nel associated with the space mis- 
sion to train as a team. 

The Gemini part-task trainer 
(Item 2 in the table) will actually 
be a modification of the Houston- 
based Mercury procedures trainer. 
The plan is to reprogram the com- 
puter to represent Gemini dynamics 
and to set up a rendezvous task 
based on a new out-the-window dis- 
play system. This system, now be- 
ing procured, may conceivably be 
developed into a complete out-the- 
window display system for both the 
Gemini and Apollo flight trainers. 

The Apollo part-task trainers 
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actually refer to three possible 
static part-task trainers : the earth- 
launch and re-entry trainer, the 
navigation and trajectory -control 
trainer, and the orbital and ren- 
dezvous trainer. A study under 
way will determine whether these 
three trainers can be combined into 
two, or possibly only one, to reduce 
costs. 

The part-task trainers are simi- 
lar in many points to the respective 
flight trainers, except that they 
cover only a certain portion of a 
mission. Part-task trainers will be 
used for one or more of the follow- 
ing reasons: 

1. They can be obtained much 
sooner than flight trainers, and 
therefore astronaut training can 
start much sooner. 

2. Time available on the flight 
trainers will be insufficient to train 
all the astronauts. 

3. The particular mission phase 
needs a more accurate simulation 
than is provided in the flight 
trainer. 

4. It is necessary to study crew 
operational problems involving 
variation in simulation parameters 
that cannot be accomplished with 
the flight trainers, because of either 
their unavailability or their design 
features. 

The Gemini and Apollo centri- 
fuge simulations (Item 3 in the 
table) refer to possibly two or three 
different programs for each project, 
all of which will utilize the U.S. 
Naval Air Development Center cen- 
trifuge at Johnsville, Pa. These 
programs will probably follow 
closely the pattern set in Project 
Mercury — that is, the first program 
will be a combined engineering- 
feasibility and astronaut-familiar- 
ization program, and succeeding 
programs will thoroughly indoctri- 
nate the flight crew with the ex- 
pected mission profile before the 
manned flights. These centrifuge 
simulations usually run open loop 
(programmed accelerations) during 
the launch phase but closed loop 
(with the astronaut in the control 
loop) during re-entries, whether 
from normal missions or simulated 
aborts. The centrifuge programs 
verify the capability of the crew to 
perform the tasks expected of them 
during the high-acceleration por- 
tions of the mission. 

Egress trainers (Item 4) are 


normally boilerplate mockups of the 
respective spacecraft having accu- 
rate reproductions of recovery 
equipment and escape paths. Ad- 
ditionally, because of the ever-pres- 
ent possibility of landing in water 
on the return from any spaceflight, 
these trainers must be accurately 
scaled in center-of-gravity location 
and total weight, so that their hy- 
drodynamic behavior will match the 
actual spacecraft. In fact, later in 
the programs, it is probable that 
actual spacecraft, already flown, 
will replace the egress trainers. 
Egress training is necessary be- 
cause the extremely cramped spaces 
associated with early spacecraft 
make escape a difficult crew task 
which must be practiced a great 
deal. The egress trainers will be 
used in conjunction with the re- 
covery forces to determine optimum 
recovery techniques and then to 
perfect these. 

Item 5 trainers in the table apply 
to terminal-phase training in each 
of the two projects. The Gemini 
paraglider trainer will consist of a 
boilerplate spacecraft attached to a 
prototype paraglider. Normal pro- 
visions for pilot control of the para- 
glider will be provided so the crew 
can practice control during descent 
and landing after being released 
from a helicopter. The paraglider 
will be in the deployed position 
throughout the operation; the de- 
ployment equipment will be quali- 
fied in other unmanned test pro- 
grams. 

The Apollo free-flight lunar- 
landing simulator will probably 
consist of an accurate LEM mockup 
to which will be added an automat- 
ically controlled jet engine able to 
produce at all times a pure lift 
equivalent to 5/6 the weight of the 
spacecraft. The braking and con- 
trol rockets of the LEM will be ac- 
curately simulated. The astronauts 
will fly this free-flight vehicle from 
the ground up to various altitudes 
and practice attitude control, trans- 
lational control, and spot landings. 
Before attempting free flight with 
the LEM simulator, the astronauts 
will get primary training in a large 
lunar-landing facility employing a 
tethered spacecraft (Item 6). This 
facility is being procured by the 
NASA Langley Research Center. 

The Gemini docking simulator 
(Item 6), employing a large six- 


degree-of-freedom moving base. * 
will be entirely enclosed in its own 
building or by temporary walls. It 
will include a Gemini mockup. ^ 
having four of the six degrees of \ 
freedom (rotation ±45 deg in 
pitch, ±45 deg in yaw and ±45 deg 
in roll and ±24 ft in lateral transla- 
tion) . The Agena will also be simu- 
lated accurately, and will possess 
the remaining two degrees of free- 
dom in translation (±16.5 ft of ver- 
tical and about 102 ft of range 
translation). The simulator will first 
be used by the Gemini prime con- 
tractor to solve actual hardware 
problems associated with the dock- 
ing and latching phases. Later, it 
will be released for astronaut train- 
ing for Gemini, and then probably 
converted to an Apollo docking 
simulator. 

The Gemini systems trainers 
(Item 7), animated breadboards of 
some of the spacecraft’s actual on- 
board systems, will give the astro- 
nauts a detailed understanding of 
the systems in as short a time as 
possible. The systems will be func- 
tionally represented by using flow- 
path indicating techniques to show 
which components are activated by 
any particular actual input control. 

Item 7, then, covers simulators 
for the electrical system, including 
sequencer and pyrotechnics cir- 
cuits; the environmental system; 
the ejection seat system; and the 
attitude maneuver control systems. 

Miscellaneous training facilities 
are cited in the table on page 83. 
They are either well known or their 
characteristics are evident from the 
names. 

The remaining Apollo simulators 
include the three-dimensional lunar 
trajectory simulator and miscel- 
laneous training facilities. The 
three-dimensional lunar-trajectory 
simulator, as yet only in the early 
proposal stage, will show in true 
scale, except for spacecraft size, the 
relative dynamics of the earth, 
moon, and spacecraft system. The 
earth model will be about 1 ft in 
diam, so that a building approxi- 
mately 70 ft in diam will be re- 
quired to house the orrery. The 
earth will rotate about its own axis, 
and the earth-moon system will ro- 
tate about its total center of grav- 
ity, which will be placed at the cen- 
ter of the building. The lunar or- 
bital plane will always be horizontal 
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EXTRA-VEHICULAR OPERATIONS SIMULATOR 

A simulator like this one might be used to train astronauts in 
extra-vehicular operations. The simulator would *Ua» th» 
aeronaut to move freely, as he would in space, throughout a 100- 
bv 100- by 200-ft volume. It could evaluate propulsion back- 
packs and simulate such problems as walking on the moon. 
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at eye level. Collimated light from 
the proper direction will fall on the 
earth to represent the sun as seen 
from the earth, but an internal 
light shining past a hemispherical 
movable shade will represent the 
sun’s illumination of the moon. 

As the full-scale spacecraft would 
be much too large, this facility will 
probably employ a model in the 
form of a cone, the apex of which 
would represent the actual position 
of the spacecraft. The spacecraft 
will have three degrees of transla- 
tional freedom so that the trajec- 
tories of actual Apollo missions may 
be traced. Motions of the “space- 
craft” would be in response to com- 
puter or taped commands. These 
commands could also be speeded up 
by a factor of 1000 to make possible 
the demonstration of a complete 
Apollo mission in about 10 min. 

Under this setup, if the observer 
merely walked out to the spacecraft 
and looked at either the earth model 
or the moon model, the device would 
represent an “inside-out” display. 
That is, the observer would see 
earth and moon in the same geomet- 
ric aspect as would be seen by the 
occupants of an Apollo spacecraft 
en route to the moon. The lunar- 
trajectory simulator will be used to 
educate all types of personnel as- 
sociated with spaceflight projects. 
During an actual Apollo mission, 
moreover, the orrery would be 
driven to keep pace with the flight 
and could be viewed by worldwide 
television to report progress in clear 
and dramatic fashion. 

The last item for Apollo in the 
table covers other facilities which 
might be used in the Apollo training 
program. As before, the mockup 
trainer refers to the detail mockup 
used by the prime contractor to de- 
cide on the design of the command 
module or LEM spacecraft. The 
NASA Ames Research Center mid- 
course navigation simulator, still in 
a developmental stage, consists of 
an Apollo command-module space- 
craft mockup mounted on an air 
bearing in a very large hemispheri- 
cal domed room with a radius of 
about 50 ft. Simulated stars will be 
fixed in the surface of the dome to 
give the extremely high accuracy 
necessary for the practice of sex- 
tant operations during the mid- 
course navigation phase. 

The static lunar-landing and 


earth-landing simulations listed in 
the table on page 83 are temporary 
setups involving either or both sim- 
plified instrument and out-the-win- 
dow displays animated by general- 
purpose computers. Several such 
simulators are currently in use 
both in NASA and in private in- 
dustry, and, undoubtedly, there will 
be many more before Apollo mis- 
sions are completed. The astro- 
nauts normally have opportunities 
to use some of these simulators on 
an informal basis, and in so doing 
increase their control skills and 
background knowledge of the lunar 
mission. 

Possible facilities intended for 
training flight crews for future, and 
as yet unapproved spaceflight proj- 
ects include: Extra-vehicular op- 

erations simulator; spacecraft dy- 
namic support cradle; MSC human 
centrifuge. If obtained in time, 
some of these will be used for 
Gemini and Apollo. Their feasibil- 
ity and design features are now be- 
ing studied by industry under 
NASA contract. 

The illustration on page 85 gives 
an idea of one possible configura- 
tion of the extra-vehicular opera- 
tions simulator. A moving-base 
simulator, with minimum necessary 
environmental protection, it would 
allow a man to move freely within 
a prescribed large volume (100 by 
100 by 200 ft), just as he would 
move in this same-sized volume in 
space without restraints. As the 
mechanism would be computer- 
driven, it should be possible to 
simulate partial-gravity tasks, such 
as walking on the moon, as well as 
weightless maneuvers outside a ve- 
hicle. It would evaluate extra- 
vehicular propulsion devices, two of 
which industry now has in advanced 
hardware developmental stages. 
Also, flight crews could use it to 
train for duty inside nonrotating 
space stations as well as outside a 
spacecraft — that is, it would allow 
practice of movements in space gen- 
erated by muscular power or 
strapped-on propulsion units. 

The spacecraft dynamic support 
cradle will involve a hollow spheri- 
cal structure having six steerable 
driving wheels normal to its sur- 
face and spaced 90 deg from one 
another. The wheels will drive 
against the inside surface of a 
hemisphere to give the cradle un- 


limited angular rotation about any 
axis without encountering such 
problems as gimbal lock. The 
cradle’s inner space will accept any 
spacecraft of reasonable size, in- 
cluding an Apollo command module. 
The cradle will have on board a gas- 
turbine engine driving a hydraulic 
pump. The wheels will be driven 
and steered by hydraulic motors. 

The spacecraft will be integrated 
with the cradle to the extent that 
thrust commands from any of the 
spacecraft control systems can be 
fed to the cradle computer. The 
computer, operating on these sig- 
nals, will cause the cradle to rotate 
exactly as the spacecraft would in 
space. This simulator will thus be 
able to check out spacecraft control 
systems (including manual backup 
controls) and to familiarize the 
flight crew with their dynamic re- 
sponse and acquaint crew members 
with any idiosyncrasies of attitude- 
indicating display systems. 

The human centrifuge planned 
for the Manned Spacecraft Center 
(see page 81) is expected to be 
about the over-all size of the NADC 
centrifuge at Johnsville, but will 
have a somewhat lower maximum 
acceleration level, not more than 
30 g. Major differences will be the 
increase in maximum payload and 
gondola volume, which will be about 
three times larger. This size in- 
crease will allow at least three men 
and necessary equipment to be 
tested simultaneously. 

The MSC centrifuge will prob- 
ably also incorporate an energy- 
storage device to increase its capa- 
bility for acceleration-onset. Even 
with this device, its acceleration- 
onset rate, fully loaded, may be less 
than that of the Johnsville centri- 
fuge. The MSC centrifuge would 
be used primarily for astronaut mis- 
sion-oriented training, and to a 
lesser degree for development and 
qualification of spacecraft equip- 
ment, and for certain physiological 
and medical experiment having a 
direct bearing on manned space- 
flight. 

Many of the coming trainers and 
simulators, it can be seen, derive 
directly from Project Mercury ex- 
perience. Others, such as the extra- 
vehicular operations simulator, and 
the spacecraft dynamic support 
cradle, present interesting and chal- 
lenging developments. 
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Early in the Mercury design stages, 
it became evident that this project 
would require an extensive tracking 
and data-acquisition network. The 
presence of man in a satellite de- 
manded that considerably different 
requirements be placed on the 
tracking network than had hitherto 
been necessary for unmanned ve- 
hicles. The most significant of 
these requirements was that it was 
now imperative that the system re- 
spond rapidly to contingency situa- 
tions to insure adequate safety of 
the astronaut. The following de- 
sign criteria were therefore estab- 
lished: 

1. A central control facility would 
be provided. 

2. Maximum use would be made 
of existing facilities. 

3. Continuous monitoring of the 
powered phase of flight would be 
provided, culminating in a real- 
time decision of satisfactory inser- 
tion into orbit. 

4. A minimum of voice, telem- 
etry, and command would be re- 
quired at the time of retrofire for 
the planned re-entry. 

5. Re-entry tracking would be 
provided where feasible. 

6. A high degree of reliability 
had to be provided by selection of 
equipment, redundancy, and diversi- 
fication of communication links. 

The Mercury network, consisting 
of a number of stations encircling 
the world, took shape in terms of 
these aims. The network is shown 
and outlined on page 88. 

Two ships were originally pro- 
vided with voice and telemetry ca- 
pability and one of these has since 
been modified to incorporate a com- 
mand system. All sites have voice 
and teletype communications with 
the control center. 

The computing and communica- 
tions center at NASA Goddard 
Space Flight Center, Greenbelt, 
Md., acts as the data-processing 
system for the network. Central- 
ized control of the entire network 
during an operation is provided at 
the Mercury Control Center (MCC) 
at Cape Canaveral. 

The most complex remote site 
consists of a UHF/HF transmitting 
and receiving system, an S-band 
and/or C-band radar, a telemetry 
receiving system, an acquisition 
system, and a command system. 
Radar data are automatically trans- 


mitted to the Goddard computers, 
where they are used to determine 
the orbit ephemeris. The space- 
craft air-to-ground voice communi- 
cations during contact with a net- 
work station may be monitored 
at MCC via the ground communica- 
tion links. At a remote site, telem- 
etry data are displayed to three 
flight controllers who prepare sum- 
mary messages for transmission to 
MCC after each pass. Commands 
are sent by the flight controllers, as 
required, to reset the onboard clock 
and to start the retrofire sequence. 

MCC’s two basic functions are 
to provide mission control and to 
monitor the powered phase of flight 
directly. Downrange sites are used 
to extend the receiving range of the 
instrumentation facilities at Cape 
Canaveral. In particular, high- 
speed radar data are passed from 
Bermuda to Goddard computers 
to confirm initial cutoff conditions. 

The role of the Bermuda station 
has changed somewhat since the 
program began. Since no high- 
speed data lines were available there 
until recently, Bermuda required an 
IBM 709 computer to perform the 
necessary calculations for orbit de- 
termination. In this respect, it 
acted as a back-up control center. 
This situation tended to complicate 
the flight control operations, and 
led to development of extensive 
command handover procedures. 
These have been simplified consider- 
ably since high-speed lines have be- 
come available. 

The drawing on page 89 shows a 
layout of MCC’s control room. Each 
console position shown has commu- 
nications control (112A key equip- 
ment). The monitoring positions 
for the aeromedical and spacecraft 
systems utilize meters and eight- 
pen Sanborn recorders for display 
of significant parameters, since 
these are primarily analog quan- 
tities. The retrofire and flight- 
dynamics consoles employ projec- 
tion-type digital readout and the 
four X-Y plotters for analog quan- 
tities. The consoles for the Flight 
Director and Capsule Communicator 
are equipped with closed-circuit 
television for monitoring space- 
craft activities during the count- 
down and the initial phases of 
powered flight. 

In addition to these two positions, 
the front row of consoles has re- 
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Station 

code 

Station 

number 

Name 

Orbital-pass 

coverage 

Radar 

S band i C band 

Telemetry 

reception 

Communication 

Spacecraft 

Command 

control 

FA 

Acquisition 

SA 

M 

Ground cot 
Voice 

immuiication 

Teletype 

CNV 

la 

Canaveral 

1. 2. and 3 

(*) 

X 

X 

X 

X 

X 

(X) 


X 

X 

GBI 

lb 

Grand Bahama 

1. 2. and 3 


(X) 

X 

X 




X 

X 

X 

GTI 

lc 

Grand Turk 

1. 2. and 3 



X 

X 




X 

X 

X 

BDA 

2 

Bermuda 

1. 2. and 3 

X 

X 

X 

X 

X 

X 



X 

X 

ATS 

3 

Atlantic Ship 

1. 2. and 3 



X 

X 


X 




X 

CYI 

4 

Grand Canary Island 

1 and 2 

X 


X 

X 


X 



X 

X 

KNO 

5 

Kano. Nigeria 

land 2 


; 

X 

X 



X 


X 

X 

ZZB 

6 

Zanzibar 

1 and 2 



X 

X 



X 


X 

X 

IOS 

7 

Indian Ocean Ship 

1. 2. and 3 



X 

X 


X 



X 

X 

MUC 

8 

Muchea, Australia 

1, 2. and 3 

X 


X 

X 

X 

X 



X 

X 

WOM 

9 

Woomera, Australia 

1 and 2 


X 

X 

X 


X 



X 

X 

CTN 

11 

Canton Island 

1 and 2 



X 

X 



X 


X 

X 

HAW 

12 

Kauai Island. Hawaii 

2 and 3 

X 

X 

X 

X 

X 

X 



X ! 

X 

CAL 

13 

Point Arguello. Calif. 

2 and 3 

X 

X 

X 

X 

X 

X 



X 

X 

GYM 

14 

Guaymas, Mexico 

1. 2. and 3 

X 


X 

X 

X 

X 



X 

X 

WHS 

15 

White Sands, N. Mex. 

1. 2. and 3 


X 




X 



X 

X 

TEX 

16 

Corpus Christi, Tex. 

1. 2. and 3 

X 


X 

X 


X 



X 

X 

EGL 

17 

Eglrn Air Force Base, Fla. 

1. 2, and 3 

MPQ- 31 

X 




X 



X 

X 



Goddard Space Flight Center 
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cently been equipped with small 
portable television monitors. These 
monitors are used to display tele- 
type summary messages received di- 
rectly from the communication cen- 
ter, and to display trends and ana- 
lyzed data derived in the support 
areas outside the operations room. 

The world map in the front of 
the room displays a network status 
summarj r . It has a computer- 
driven replica of the spacecraft in- 
dicating in real time the space- 
craft’s position on the ground track. 
The recovery-operations area is ad- 
jacent to the main operations room 
and is separated by an observation 
window. This area has direct com- 
munications with the recovery 
forces via military communication 
channels, completely independent of 
the Mercury network communica- 
tion system. 

MCC and the Mercury network 
have very adequately supported 
Project Mercury. The manned one- 
day missions will utilize the Mer- 
cury spacecraft, and very few modi- 
fications are required to support 
these extended missions. Some 
changes are needed in the comput- 
ing program, and the ship positions 
have been changed to allow at least 
one contact per orbital pass. 

Extensive modifications to the 
network will be required, however, 
to give adequate support to the 
Gemini and Apollo projects, which 
are now in the design stage. The 
most significant difference be- 
tween these projects and Project 
Mercury is that in both projects, 
Gemini and Apollo, the spacecraft 
has an onboard propulsion system 
besides the normal retrofire system. 
The orbital ephemeris may thus be 
modified, because there will be sev- 
eral powered-flight phases. 

The Gemini rendezvous task, 
moreover, will require the capabil- 
ity of monitoring two vehicles, and 
the Apollo lunar flights will require 
a lunar-range capability. 

Flight-operations facilities for 
the Gemini and Apollo programs 
will be provided in several phases — 
the first for support of the Gemini 
orbital flights, the second for Gem- 
ini rendezvous and Apollo orbital 
flights, and the third for Apollo 
lunar flights. 

The demonstration of man’s ca- 
pabilities in Project Mercury has 
allowed some relaxation in the ex- 


tensive coverage of the Mercury 
network. 

Consequently, planned MCC net- 
work modifications for support of 
the Gemini program, shown on page 
88. will include the implementation 
of PCM telemetry and digital com- 
mand systems at Cape Canaveral, 
Bermuda, Grand Canary Island, and 
Hawaii (Sites 1, 2, 4, and 12) and 
telemetry only at Guaymas, Mexico 
(Site 14). Telemetry and command 
will be provided at one site in 
Australia and on one ship to be sta- 
tioned in the South Pacific. Pow- 
ered flight will continue to be moni- 
tored at MCC, which will remain the 
central facility for command of the 
mission. 

MCC modifications will be limited 
to what is needed for Gemini orbital 
command. The present building 
will be expanded to house a Gemini 
flight-crew trainer and associated 
simulation equipment. The sys- 
tems modification will include the 
addition of a PCM telemetry re- 
ceiving station and a digital com- 
mand system. The operations 
room, shown on page 89, will re- 
main basically the same, although 
the Gemini spacecraft, being more 
complex than Mercury, may require 
addition of one or two positions to 
monitor the mission. 

The computer programs and 
flight dynamics displays will be 
modified to allow for the differences 
between the Mercury and Gemini 
launch vehicles. 

The major change for future mis- 
sions will be a ne”w Integrated Mis- 
sion Control Center (IMCC) at the 
Manned Spacecraft Center in Hous- 
ton. Sketched on page 89, IMCC 
will essentially combine the func- 
tions of MCC and the Goddard Com- 
puting Center and will provide com- 
munications control during the op- 
erational periods. 

IMCC’s prime function will be to 
direct operations in manned space- 
flight programs in all aspects of 
ground support, from the beginning 
of countdown through flight opera- 
tions to recovery. This centralized 
operation will maximize both the 
safety and technical achievements 
in each flight. 

During preflight operations, the 
IMCC functions will be primarily 
concerned with planning, simula- 
tion, testing, and checkout. During 
the mission, the primary functions 


will be direction of the ground op- 
erational support system, determi- 
nation of mission status, prediction 
of contingencies, and determination 
of the best contingency response. 

The IMCC will consist of four 
major systems: Real-time com- 

puter complex, communications, 
display, and simulation, checkout, 
and training. A fifth, the opera- 
tional instrumentation system for 
RF receiving, may be added at a 
later date. These systems will be 
housed in IMCC’s mission opera- 
tions wing. The support wing will 
contain office and laboratory space. 

The mission operations wing will 
be a three-story building, the first 
floor containing the real-time com- 
puter complex and the communica- 
tions system, and the second and 
third floors, essentially the same, 
consisting of a central operations 
control room surrounded by support 
staff rooms. 

To provide.. flexibility, in view of 
the stringent schedules which must 
be met, IMCC will be designed to 
support a mission and a simulation 
simultaneously. The systems will 
also be designed for rapid change- 
over from one mission to another. 

The later stages of the Apollo 
program will require a ground op- 
erational support system with lunar- 
range capability. It is presently 
envisaged that a complex of three 
sites spaced equally around the 
globe will form the basis of this 
capability. These three sites will 
operate at a single frequency in the 
S-band range. In general, all in- 
formation flow between the space- 
craft and the ground will be pro- 
vided by modulating S-band. 

This is the present picture of 
available and planned facilities for 
the operational support of manned 
spaceflight programs. Future fa- 
cilities will emphasize the flexibility 
required to support the variety of 
planned missions. Some compro- 
mise will, of course, be necessary, 
and some design requirements will 
be placed on future spacecraft. The 
concept of central control has been 
emphasized. The present limita- 
tion of this concept is associated 
with available communications 
band widths between the remote 
sites and the Mission Control Cen- 
ter, and this limitation will remain 
until the advent of suitable com- 
munication satellites. •• 
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& Control Systems 


Rapid expansion of space con- 
tracts, projects and studies at the 
HUGHES Aerospace Divisions in 
Southern California has created 
unusual opportunites for several 
qualified Engineers, Physicists 
and Mathematicians for Advanc- 
ed Space Systems assignments. 

Space-mission openings are avail- 
able in the following areas: 

u INTERPLANETARY GUID- 
ANCE & NAVIGATION 

■ TRANS-LUNAR GUIDANCE 
& NAVIGATION 

■ EARTH ORBIT NAVIGATION 

■ RENDEZVOUS & RE-ENTRY 
GUIDANCE 

Current requirements include: 

Guidance & Navigation 
System Synthesis 

To study and develop guidance 
and navigation equations and 
techniques; make feasibility and 
error analyses; establish subsys- 


tem and component require- 
ments; conduct system prelimi- 
nary design; plan inertial, optical 
and electro-magnetic instrumen- 
tation. 

Control System Synthesis 

To analyze control system require- 
ments for various space vehicles; 
establish subsystem and compo- 
nent requirements; conduct sys- 
tem preliminary design; study 
measurement instrumentation 
and torque-producing equipment. 

Simulation 

To plan digital simulation for 
studies related to earth orbital, 
trans-lunar, interplanetary and re- 
entry trajectories; analog simula- 
tion of rendezvous guidance and 
control systems. 

Applied Mathematics 

Space mathematics applications 
related to orbit determination, tra- 


jectory analysis, optimization pro- 
cedures, perturbation theory and 
space mechanics. 

If you hold an accredited Engi- 
neering, Physics or Mathematics 
degree, are a U. S. citizen and feel 
that you are qualified by interest 
and experience in one or more of 
these areas, please airmail your 
resume to: 

MR. ROBERT A. MARTIN 
Head of Employment 
HUGHES Aerospace Divisions 
11940 W. Jefferson Blvd. 

Culver City 68, California 
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Visual 

capability 

in 

rendezvous 

BY JACK E. PENNINGTON 
AND ROY F. BRISSENDEN 

Both research 
background and 
recent experiments 
strongly back 
the capability 
of a human 
pilot to closely 
control rendezvous 
and docking 
by a combination 
of instruments and 
visual sightings 


NASA Langley Research Center’s 
studies of man’s capabilities in 
space operations have, among other 
things, covered piloted space-rendez- 
vous maneuvers, including the prin- 
cipal human factors involved. In 
particular, it has been demonstrated 
that efficient visual rendezvous can 
be performed, and the conclusion 
reached that visual rendezvous 
make maximum use of man’s capa- 
bilities, thereby tending to mini- 
mize system requirements and in- 
crease the probability of mission 
success. 1 * 2 

An efficient rendezvous in space 
requires the performance of the vis- 
ual tasks with precision not gener- 
ally required in everyday living. 
While many studies of visual per- 
ception have been made, they have 
often been general in nature, and do 
not pertain directly to the rendez- 
vous situation. For example, ob- 
ject perception has been determined 
for size and shape of the object, 
lighting, color, and range; but these 
studies concerned objects relatively 
close to the viewer, so do not apply 
directly to the visual rendezvous 
problem. 8-5 Other basic studies of 
visual acuity concern themselves 
with the mechanisms by which the 
eye performs. 0 * 7 

Our purpose here will be to sum- 
marize these previous studies, as 
applicable to visual rendezvous, and 
to present the results of several ex- 
periments made at Langley to fill 
gaps in our knowledge. These re- 
sults support an active role for the 


pilot in rendezvous maneuvers. 

The sketch at the top of page 91 
depicts the various phases of a vis- 
ual rendezvous operation, as pres- 
ently conceived. Control dau 
needed for the maneuver are line- 
of-sight angles and range, and the 
rates of these. The sketch at tht 
top of page 97 depicts a constant- 
bearing intercept along which i 
schedule of braking can be made 
The pilot must first acquire the tar- 
get, perhaps at distances of 200 mi 
or more, and then attain the path of 
intercept by arresting the angular 
motion of the line of sight, seen a- 
the motion of the target against the 
star background used as an inertia 
reference. Before braking can be- 
gin, the pilot must know the range 
and range rate along the intercep: 
course. These can be derivec 
through visual information. 2 The 
braking operation has been investi- 
gated. 1 It proceeds until closure 
speed is slow enough, by the time 
the shape of the target becomes vis- 
ible, so that the pilot can complete 
the docking maneuver visually. 

The table on page 97 outlines spe- 
cific important visual tasks associ- 
ated with various rendezvous 
phases. Let us consider each task 
separately. 

The first objective is to acquire 
and recognize the target. Sun-il- 
luminated or carrying a beacon, the 
target must emit light the pilot car. 
spot. How intense the light must 
be will be determined by the separa- 
tion distance at which acquisitior. 



J. E. PENNINGTON 

is an engineering 
physicist in NASA 
Langley Research 
Center’s Aerospace 
Mechanics Div., 
now engaged in 
simulation studies. 


R. F. BRISSENDEN 

an engineer in 
Langley’s Flight 
Research Div., has 
done extensive 
work in automatic 
tracking and 
simulation systems. 


Astronautics and aerospace enoincem< 










VISUAL 

TASKS 


TARGET 

PARAMETERS 


PHASES OF 
RENDEZVOUS 


Acquisition 


Detection 


Intensity, colon 
signal sequence 


INITIAL FINAL 
BRAKING 


Establish mentr 
of intercept 


Angular-rate 

discrimination 


Motion cues 


ANDR 
DETERMINATION, 


DOCKING 


Range and range - 
rate estimation 


Angular-rate 

discrimination 


Motion cues 


Interception 


Braking operations 


Distance and 
closure- rate 
judgment 


Size, shape r . 
motion cues ; 


u 

ACQUISITION. 




Docking 

,/v 


Attitude . 


GEMINI-AGENA RENDEZVOUS and docking phases and, right, nature of task. 


is required (inverse square-law rela- 
tionship) and the physiological 
threshold of visual perception, this 
being affected by such factors as 
night adaption, background bright- 
ness, and color of received light. 

Given sufficient time, it is possible 
to see an isolated 8.5-magnitude 
star, 8 equivalent to 1 candle at about 
13 mi. However, in a field of stars 
the threshold of perception is closer 
to a fifth- or sixth-magnitude star, 
fifth magnitude being equivalent to 
1 candle at 4 mi. Moreover, if the 
time for dark adaptation is limited, 
the brightness of the target must 
be increased. 

The graph on page 98 shows how 
the visual threshold tends to vary 
with the time allowed for the eyes 
to adjust to darkness. 9 - 10 Because 
pre-exposure brightness strongly 
influences the situation, data of this 
nature are difficult to interpret. If 
we accept the data in the graph on 
page 98 without qualification, about 
10 min or more of adaptation time 
would be required to see a fifth or 
"ixth magnitude source. More de- 
nnitive tests appear desirable. 

For the acquisition task, both the 
color of the target and contrast with 
ffie background are important con- 
aerations. Baker and Grether 
have studied the effect of back- 
ground illumination on the required 
intensity of colored signal lights at 
"ng distance. 11 The graph on page 
'3 shows that, for positive identi- 
nc ation, yellow requires the great- 
es t intensity and white the least, 


with red or green about as effective 
as white. Then, in studies at Lang- 
ley, Martin showed that various 
treatments of the target surface, 
causing it to diffuse and reflect in- 
cident light, can increase the defi- 
nition of the target surface and 
outline. 12 

Although the target may be 
bright enough to be visible, the pi- 
lot may not detect it against the 
star background — particularly if 
its motion is very slow, as at the 
initiation of rendezvous. A flash- 
ing light, much more easily detect- 
able than a steady one, 13 will lessen 
this problem. But we must estab- 
lish the optimum flash rate and flash 
duration. 

Around 1911, Blondell and Rey 
studied the effect of flash duration 
on the apparent intensity of a light 
seen by the human eye. 14 Their 
results are summarized in the graph 
on page 98, taken from Baker and 
Grether’s report. In this graph a 
steady light, just barely discernible, 
is used as a datum reference, with 
a relative intensity level of unity. 
The graph shows that little increase 
in relative intensity is required 
down to flash durations approach- 
ing 0.2 sec. For flash durations less 
than 0.1 sec, however, the required 
relative intensity increases as an 
inverse function of time. 

For example, if the flash duration 
is about 0.003 sec, the intensity rela- 
tive to the steady light must be in- 
creased by a factor of about 100. 
The Blondell-Ray relationship can 


be closely approximated by the 
equation known as Talbot's law 15 



I 


where E = apparent intensity of 
flashing source, E 0 — intensity of 
steady source, t = duration of flash 
in sec, and a = curve-fitting constant 
equal to 0.21 sec. 

While the flash duration influ- 
ences the apparent intensity of the 
light, the flash rate influences the 
ease of acquisition, and these two 
factors influence the power con- 
sumption required for a beacon. 
The rate must be slow enough to 
permit a flash duration not requir- 
ing excessive power, but still fast 
enough so- that at least several 
flashes will occur during the pilot’s 
search time of the target area. For 
example, in evaluating a flashing 
light for use in a proposed orbital 
acquisition and tracking expei'i- 
ment, it was found desirable to flash 
at about 1 cps. This appears to be 
a good, representative flash rate. 

The second and third phases of 
rendezvous are concerned primarily 
with angular rate perception and 
correction. The pilot must detect 
the rotation of his line of sight as 
the target moves across the star 
background and then must thrust to 
bring the rate to zero. After reach- 
ing the intercept course, the pilot 
will perform the braking maneuver 
to bring the vehicles together. 

Any rotation of the line of sight 
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must be detected and measured pre- 
cisely to perform these phases effi- 
ciently. In an instrumented simu- 
lation study made at various levels 
of rate resolution, 16 it was deter- 
mined that 0.1-millirad/sec resolu- 
tion was necessary to control a com- 
pletely visual rendezvous, including 
the computation of range and range 
rate from angular measurements. 

At the time of that study, there 
were no data to indicate whether 
pilots with unaided vision could 
achieve this precision. Subsequent 
experiments explored the smallest 
angular rate that a pilot could be 
expected to detect. These used the 
same basic equipment as the ren- 
dezvous simulations. Briefly, re- 
sults show that a pilot can detect 
line-of-sight angles and angular 
rates accurately enough to perform 
the tracking portion of visual ren- 
dezvous. 17 

Important in the detection of 
angular rate is the angular separa- 
tion between the target and the 
nearest reference star. Separation 
between target and nearest back- 
ground star used in this visual- 
acuity study ranged from zero 
(superimposed condition) to as 
much as a 60-millirad angle. For 
the superimposed condition, the pi- 
lot could readily detect within the 
0.1-millirad/sec rate. 

The graph on page 99 summarizes 
test results for 12.5- and 34-milli- 
rad angular separations between 
target and nearest background star. 
It shows that at 12.5 millirad the 



time in dark, in minutes 


TIME REQUIRED for visual perception. 


pilot needs less than 10 sec to de- 
tect the desired 1-millirad/sec rate 
established in the previous study. 
His ability deteriorates somewhat 
at 34 millirad. Readings made at 


60 millirad were not consistent, and 
gave no usable results. 

Star-chart study shows a pilot can 
expect to have a visible (sixth mag- 
nitude or brighter) star usually 
within 2 deg of target. This means 
he may have to delay line-of-sight 
correction until the target comes 
close to a visible star or, alterna- 



SIGNAL NATURE for equal apparent intensity. 


tively, to use an optical aid, either 
to superimpose the target on a star 
or to make more stars visible by 
magnifying them. For instance, an 
average density of 4-16 stars 
eleventh magnitude or brighter per 
square deg could be obtained with a 
3-in. telescope, and this would place 
the target within 12 millirad of a 
star and permit detection of 0.1 
millirad/sec. 

In these visual tests, two pro- 
cedures were used for presenting 
target motion to the pilot. One be- 
gan with the slowest angular rates, 
which required more intense con- 
centration, and proceeded to the 
faster rates. The other began with 
the fast, easier rates ; here the pilot 
felt fatigue, as indicated by a decre- 
ment in visual performance, by the 
time the slower motions were pre- 
sented to him some 10 min later. 

In an actual mission involving 
visual rendezvous, however, observ- 
ing time needed to effect the initial 
intercept would be much less than 
10 min and only occasional subse- 
quent observations should be re- 
quired to correct residual errors. 
Pilot fatigue can be minimized by 
a little training to avoid preoccupa- 
tion with the tracking task. 

After acquisition, correction to an 
intercept course, and initial brak- 


ing, leading to something less than | 
2-mi. separation between chaser and ! 
target — the final braking and dock- 
ing phases take place. The pilot 
observes aspect and closure rate to 
complete the maneuver. The visual 1 
conditions here are entirely differ- 
ent from those of the early phases, 
where the target was seen as a point 
source. Now the target-vehicle’s 
shape and orientation are visible; 
and this information enables the 
pilot to control the range and range 
rate by eye, while orienting his ve- 
hicle for the docking and final latch- 
ing maneuver. 

The pilot uses the apparent size 
of the target to estimate the dis- 
tance between the vehicles. Tests 
have been made at night inside 
Langley’s 3000-ft-long hydrody- 
namic model basin to determine a 
pilot’s ability to judge separation 
distance with no visual cues except 
the apparent size of the target. 
After adaptation to darkness, sub- 
jects estimated the range of several 
randomly placed models of known 
size. 

The graph on page 99 gives re- 
sults, the solid line representing per- 
fect estimates. Estimates were bet- 
ter than expected at ranges beyond 
500 ft, but with a tendency towards 
overestimating the distance of large 
objects and underestimating the 



distance of small. All estimates, 
except for the balloon, were fairly 
accurate out to 500 ft. 

In the Aurora flight, Scott Car- 
penter overestimated the range of 
a balloon similar to the one used in 
the model-basin tests. Both over- 
estimations may have been caused 
by poor balloon outline, resulting 
from nonuniform brightness of its 
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j-colored sections. The model- 
tests indicate that even this 
over-estimation diminishes in 
ist 400 ft to provide reasonable 
useful values. The effects of 
:ination, color, and aspect are 
mtly being studied further. 
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rate of change of size can be 
i:o determine closure rate be- 
the vehicles. This, too, has 
itudied at Langley, primarily 
ning vertical descent to the 
surface; but the results may 
e applied to visual contact in 
The relationship between 
:e and rate of closure is given 


S /l + tan e/2\. 

S “ \ 2 tan d/2 J 

= separation distance, S = 
*ion rate, 9 = visual angle, 
*= visual angle rate. 18 
<n from this study, the graph 
L oove summarizes results for 
server over the range of 
^considered, and defines (for 
subject) the minimum 

jhd of S/S. This threshold 
%: ed on a 2-sec reply time dic- 
7 time lags inherent in the 
■jcedure. The graph shows 
?’e maximum perception of 
^occurred between a visual 
♦fc ^0-90 deg, as subtended by 
^ ?et outline. This agrees 
fictions from the equation 

.^'visual angles will occur in 
^al rendezvous and docking 
•t. For the subjects tested, 


it was found that a representative 
value for the closure threshold (S 
min/S) falls between 0.013 and 
0.016. 

Relating these results to docking, 
the pilot should be able to judge the 
closure rate to about 0.15 fps from 
a distance of 10 ft, a value which 
agress with some preliminary visual 
docking simulation studies con- 
ducted at Langley using closed-cir- 
cuit television techniques. 

Further experiments, during ac- 
tual space missions, would be de- 
sirable to complete these studies as 
well as to confirm them. But the 
results presented here should be 
sufficient to design space-rendezvous 
missions to the extent of man’s 
capability, and should be applied. 

For the conditions considered, the 
studies have shown that man can 
perform rendezvous efficiently. The 
optimum use of both man and ma- 
chine, however, will be necessary for 
maximum efficiency and reliability. 
In making this integration, it should 
be kept in mind that man, if not 
overloaded, can be the most reliable 
and versatile element in the system. 
Optical and electronic aids can con- 
siderably reduce the workload of 
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the pilot, making it easier for him 
to discharge his prime responsibil- 
ity to exercise judgment and control. 
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Devices selected on this basis, not 
subordinating the pilot to the equip- 
ment, would be desirable. 
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The economic potential of rotary- 
wing and non-rotary-wing VTOL 
transport has yet to be adequately 
explored in all its aspects. This is 
not surprising, since it is an ex- 
ceedingly broad and complex prob- 
lem. An entirely adequate solution 
calls for the pooling of disciplines 
which cut across the spectrum of 
aircraft - industry capabilities. 
While the problem is not yet open 
to definitive solution, we can ex- 
amine its more important aspects, 
taking the period of interest for 
projected applications as beginning 
in 1967. 

The question might be asked at 
the outset: Why a helicopter or 

other VTOL air transport system? 
Fixed-wing aircraft are generally 
simpler ; and, if not necessarily 
faster as optimum solutions for the 
stage lengths of primary interest 
in this context, they at least possess 
higher payload to gross weight 
ratios. The VTOL could not be 
considered potentially competitive 
were it not for the fact that its ver- 
tical flight capability is assumed to 
provide economic advantages; and 
these, if properly exploited, out- 
weigh the disadvantages of greater 
complexity and poorer payload ratio. 

The economic potential of the 
VTOL depends on two elements. 
Any analysis of this potential is 
essentially an investigation of the 
degree to which these two elements 
make possible an economical trans- 
portation system, and of the state- 
of-art capabilities of providing the 
required vehicles and subsystems. 
The two elements are : 

1. Relative freedom from fixed- 
wing traffic patterns. This makes 
it feasible to consider the VTOL as 
having an economic potential for 
inter-airport operations regardless 
of the development of fixed-wing 
instrument landing systems, since 
the number of aircraft which can 
be handled by a given runway in 
unit time is limited, and saturation 
has already been reached for some 
airports. 

2. Considerably greater freedom 
afforded in the location of landing 
and takeoff areas as determined by 
the required size, proximity to ob- 
stacles, and alternative real-estate 
costs. For VTOL economic feasi- 
bility, this element is the far more 
complex of the two; but it also ap- 
pears to represent the more signifi- 


cant source of air-traffic growth 
since by this means the points *• 
which the air traveler in fact be 
comes airborne and where he cease: 
to be so may be brought closer t 
his actual points of origin and de? 
tination. The significance of thi 
source of traffic has been broad: 
dealt wuth by several studies. 5 

Concerning traffic patterns, it i 
largely necessary to consider, for t 
given route, only the possible gaii 
resulting from a drastic revision c 
the delay-time situation created b; 
nonadherence to fixed-wing traff 
patterns. 

Much more complex analyses ar- 
required on airports. These brea. 
down into three phases. The fir? 
of these might be termed the ecc- 
nomic-indus trial-cultural, and it 
eludes a coordinated study of tra £ 
sources; qualitative and quantiU 
tive growth trends of urban, sut 
urban, and industrial areas; travt 
habits and incentives affecting pro! 
able choices of alternate means ; e> 
isting and foreseeable ground-tran.- 
port networks; city planning ar. 
even local politics. These define tk 
market potential by defining tk 
problems the proposed system is ei 
pected to solve more convenient! 
or more economically, or both, tha 
existing means make possible, eithe 
in their present state or throu? 
foreseeable modifications or add 
tions, such as the monorail railroa: 
The most significant existing mea: 
for most areas at present is tk 
private automobile. For mar 
areas, however, this does not mai: 
sense economically or as a matter 
real convenience, either for tk 
private person or for the vehic: 
choked community, but exists pr 
marily in the absence of an altem 
tive solution. 

The second phase, which mig- 
be called the systems analy sis-sy 
thesis , aims at identifying syster 
characteristics which provide ec 
nomic solutions. Since no solutio: 
are optimum in every respect 
variety of solutions must be cor 
pared to determine tradeoffs. T: 
tradeoffs adopted are, in the 1* 
analysis, matters of judgmer 
This phase includes determinati: 
of several alternative sets of 
hide parameters; coordinated c 
termination of vehicle subsvster 
and ground systems ; customer * 
ceptance factors, such as conver 
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ence of location and physical aspect 
of loading areas, baggage handling, 
ticketing, system response to delay 
situations, probable reliability, 
travel comfort, noise, and psycho- 
logical factors. 

None of these factors is unique 
to the VTOL, and all are the sub- 
jects of continuing study in the air- 
transportation industry. But the 
VTOL poses unique problems. If, 
for example, the systems study 
points strongly toward the direct- 
lift jet as the best approach, what 
techniques, equipment, procedures, 
and local structures in the loading 
area will be required to solve the 
problems of jet noise and blast 
effects ? 

Having defined the problem and 
determined the parameters of the 
system required to solve the prob- 
lem more conveniently or economi- 
cally, or both, than existing means 
or their modification make possible, 
we must now consider the design 
| and development problems of a sys- 
tem having these parameters. 

Here again, the problems are not 
; different in kind from those con- 
fronting fixed-wing aircraft; but in 
almost all, the fundamental areas of 
structures, aerodynamics, and pro- 
pulsion are substantially more diffi- 
cult, largely because VTOL re- 
search in these areas has thus far 
been very small compared to con- 
i current research into fixed-wing de- 
j sign problems. An excellent sum- 
; mary of this situation was given at 
the MIT Symposia of February and 
j July 1961. 1 

For a long time, the talents and 
j resources of the aviation industry 
have been successfully directed to 
the improvement of long-haul trans- 
portation. Yet, in astonishing con- 
trast, comparatively little has been 
done to improve short-haul trans- 
portation, with the result that the 
total travel time between cities a 
few hundred miles apart has de- 
creased but slightly during the past 
25 years. 

Despite its imperfections, short- 
haul air transportation is a signifi- 
cant portion of the total travel mar- 
ket, as evidenced by the fact that 
the median journey is only 410 mi., 2 
with every prospect of the relative 
size of the short-haul market being 
increased as the travel time is rap- 
idly decreased. 

If the urgent need for an im- 
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ROUTE, PASSENGER, POWER, SIZE, AND COST RELATIONSHIPS: Top, routes considered (1) and passenger 

distribution from city centers (2); middle, effect of engine-out capability with lateral-compound design (3) and 
cumulative distribution of city-to-city distances (4); and bottom, side effect on direct operating cost of lateral 
compound (5) and direct operating cost vs. cruise speed for lateral compound (6). 
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proved short-haul air transporta- 
tion system is obvious, the solutions 
are not. Our analysis here will 
but attempt to define the nature of 
the problem and the operational as- 
pects necessary to determine the 
aircraft requirements, and to pre- 
sent the comparative merits of a 
number of different solutions. The 
preliminary aspect of this paper 
cannot be overemphasized, for it is 
but an initial step in the conquest 
of an intriguing problem. 

Selected for study have been all 
domestic routes of less than 420 
st. mi., which have a predicted 1967 
volume of traffic greater than 2000 
passengers per week. There are 36 
routes in this group, involving 32 
cities as shown in the map on page 
101; and together they serve ap- 
proximately 19% of the total num- 
ber of air passengers. These routes 
were selected because they provide 
a valid sample and a solid basis for 
operational analysis, and because, if 
operational compromises are to be 
made, they should be made to bene- 


H0VERING AND LOAD FACTORS: Top, probability of 

adequacy of a given hovering temperature (1); middle, 
probability of hovering vs. load factor for design sea- 
level temperature (2) and probability of being on an 
aircraft with or over a given load factor (3); bottom, 
passenger fraction that must be unloaded at various 
temperatures (4) and temperature-altitude environ- 
ment (5). 
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fit the high-density routes. 

It is not sufficient to know the 
origins and destinations of passen- 
gers in terms of terminal cities. It 
is also necessary to know the dis- 
tributions of origins and destina- 
tions within the metropolitan area. 
An excellent study of this problem 
has been made by the FA A, 3 the re- 
sults of which were used to deter- 
mine the cumulative distribution 
of passengers versus the distance of 
their origins and destinations from 
the city center, as shown on page 
101. Three cities — New York, San 
Francisco, and Washington — to- 
gether account for 38% of the traffic 
in the study. 

The median distance from the 
origin or destination to the center 
of town is about 2 mi. This concen- 
tration of origins and destinations 
makes it desirable to land the air- 
craft as close to town as practical. 
Landing as close as possible to the 
center of town, plus the need for 
operational flexibility, dictate the 
requirement for a VTOL aircraft. 



Thus, the solutions presented in 
this paper are VTOL's, although 
the final comparison includes com- 
petitive fixed-wing aircraft. 

The selection of suitable sites for 
VTOL terminals is a complex sub- 
ject, deserving of further study, and 
its ramifications should be more 
thoroughly explored before they can 
be integrated into the transporta- 
tion system. One factor which 
must be considered involves the 
economic penalties associated with 
central or near-central locations, as 
contrasted with the increased value 
of the service offered. The penal- 
ties associated with central termina: 
locations can be divided into twc 
categories — increased cost of ter- 
minal facilities (which will be mani- 
fested in higher landing fees) and 
penalties which must be imposed oi 
the aircraft, such as noise suppres- 
sion and engine-out hovering caps 
bilities, which for the compounc 
helicopter results in a 15% decreast 
in productivity, as shown on pag- 
101, and somewhat greater penalty 
for the nonrotary-wing types. 

However, if the terminal allow; 
an overwater approach, the need fo: 
noise suppression and engine-on 
hovering capability is reduce: 
Fortunately, 87% of the passenger ( 
in the sample of this study arriv 
or depart from cities with water ( 
ways within 1 mi. of the center c: 
town. j 

A significant factor in determi: [ 
ing the location of a terminal i f 
the number of aircraft which w: t 
be loading or unloading simultanr 
ously. The table, page 104, shor r 
number of flights per hour durk f, 
the peak daily period and the nur si 
ber of boarding areas required f tl 
those cities which have a peak lot la 
of more than six departures p w 
hour. These data are based on i di 
short-haul flights (not limited ai 
those of the sample used in tl er 
study) and on the anticipated 19- bt 
volume of traffic. ar 

Before the design and selecti ln 
of an actual aircraft, there are se 
eral basic operational needs tl ** 
must be set in advance — desi? 0 
range, optimal payload, desirf pr 
cruise speed, design hover requir 
ments, engine-out climb requir 
ments, and passenger amenities. ^ 
Various criteria can be used * * 
select the design range of an 2 
craft, most of which depend on t- ne< 
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variation of the performance and 
economics of a given configuration 
with range. The aircraft presented 
in this paper, however, are designed 
to fill a void in the market, and 
hence market considerations should 
predominate in selecting the design 
range. 

All city pairs with an antici- 
pated 1967 volume of traffic greater 
than 2000 passengers a week have 
been determined, and the cumula- 
tive volume of traffic has been 
plotted against the distance 
traveled, as shown on page 101. 
There are 81 routes in this cate- 
j gory, and they comprise 38% of all 
passengers carried — a good sample. 

A perusal of the diagram on cu- 
mulative volume of traffic reveals 
that there is a marked decrease in 
j the rate of increase in passenger 

• traffic at ranges greater than 420 
j mi. Hence, a design range greater 

than 420 mi. would not generate an 
amount of traffic which could jus- 
tify the decrease in productivity as- 
sociated with higher ranges. Thus, 
a tentative design range of 420 mi. 
has been selected, with the possibil- 
ity that this range will be modified 
when it is considered in combina- 
tion with the other design param- 
eters. 

The design optimal payload was 
determined by a number of differ- 
ent criteria, all of which fortunately 
resulted in similar results. On the 
basis of these considerations, a uni- 
form payload of 60 passengers has 
been used. 

The effect of payload on the di- 
| rect operating cost was determined 
i for the lateral-compound design 
shown on page 101. It was found 

• that the optimum payload of the 
| lateral compound is 60 passengers, 

whereas the optimum payload of the 
direct-lift aircraft is between 70 
and 80 passengers, with little differ- 
ence in the direct operating cost 
between a 60-passenger version and 
an optimum version. Further study 
into the economics of large-size di- 
rect-lift aircraft will be necessary 
before the effect of sizes in excess 
of 80 passengers can be determined 
precisely. 

The effect of size on the frequency 
of service significantly influences 
the optimum size of the aircraft. 
Assuming a minimum of six flights 
per day in each direction will be 
necessary to provide satisfactory 
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service between cities with a volume 
of traffic of 2000 passengers per 
week, 200 passengers going in each 
direction each day during the peak- 
travel days, an aircraft capacity of 
56 passengers is dictated. 

Another factor which determines 
the size of the aircraft is the effect 
of size on the number of flights per 
hour and the number of boarding 
areas required. From the table on 
page 104 it can be seen that a 60- 
passenger aircraft does not impose 
unreasonable requirements on ter- 
minal size and facilities. 

The desired cruise speed is the 
speed for minimum direct operating 
cost, if the speed is compatible with 
the power available from reason- 
able numbers of predictable engines. 
The cruise speed of a current state- 
of-art helicopter would be approxi- 
mately 190 mph, or near the maxi- 
mum speed achievable without en- 
countering severe design difficulties 
that would up direct operating cost. 
The cruise speed of the lateral- 
compound helicopter considered 
here would be 288 mph — the speed 
for minimum direct-operating cost 
as shown by the graph on page 101. 

The cruise speed of the direct- 
lift aircraft is 500 mph — the maxi- 
mum attainable without undue com- 
promise in the low-speed handling 
characteristics and without encoun- 
tering severe developmental compli- 
cations, with resulting increases in 
the direct-operating cost and de- 
creases in reliability. 

The maximum temperature at 
which the .aircraft should be re- 
quired to hover at sea level repre- 
sents a compromise between the 
penalties associated with high-tem- 
perature hover capabilities and the 
loss of income and good will caused 
by off-loading passengers to reduce 
takeoff weight. Arbitrarily, but 
reasonably, it was decided that a 
reasonable sea-level hovering tem- 
perature will require not more than 

0.1% of all passengers to be off- 
loaded. 

The probability of exceeding a 
given equivalent sea-level tempera- 
ture at each of the 32 cities in the 
sample was determined. These data, 
weighed with respect to the volume 
of traffic in each city, are given in 
the graph on page 102. An associ- 
ated graph there shows, for each 
city pair, the probability of being 
able to hover over a given equiva- 


lent sea-level temperature and load 
factor. This result has been com- 
bined with the probability that a 
passenger will be on an aircraft 
with a load factor equal or greater 
than a given value, as another graph 
there shows. The curve is a stand- 
ard probability one generated on 
the assumptions that the average 
load is 60%, a load factor of 100% 
is attained 10% of the time, and 
the probability of being on an air- 
craft with a load factor less than 
20% is negligible. 

Still another graph in the group 
combines these data to form a rela- 
tionship between the fraction of 
passengers which must be off-loaded 
and the design hovering tempera- 
ture. It shows that the amount of 
passenger off-loading, based on the 
annual spectrum of temperatures in 
various cities, can be held to 0.1% 
if the design hovering temperature 
is 92 F. 

It is axiomatic that IFR capabil- 
ity is necessary, and thus the air- 
craft must be able to maintain a 
best rate of climb of 150 fpm with 
one engine out. A temperature- 
altitude envelope must be deter- 
mined for this climb requirement. 
The 92-F sea-level temperature re- 
quirement is maintained to an alti- 
tude of 3500 ft to allow for tempera- 
ture inversions, and then the stand- 
ard lapse rate followed beyond this 
point, the envelope shown on page 
102 being generated. 

The aircraft is designed for short- 
haul service in which the total block 
time is relatively low and in which 
an efficient operation demands rapid 
loading and unloading with conse- 
quent high utilization. Therefore, 
the following design conditions, 
presented here without argument, 
are dictated : 

1. The minimum seat pitch shall 
be 36 ft for two abreast and 37 ft 
for three abreast. 

2. Two passenger doors are 
necessary. 

3. Air-stairs are desirable. 

4. Carry-on baggage racks are 
manditory. 

5. Large cargo and baggage com- 
partments are not of great neces- 
sity, and their inclusion should not 
compromise the design. 

6. A single lavatory is adequate. 

7. No galley is necessary. 

The justification of one mode of 
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transportation over another, as far 
as the passenger is concerned, is 
based primarily on the time, con- 
venience, and cost of the journey. 
Convenience is an intangible thing, 
but it does, in part, comprise such 
things as the number of transfers 
which must be made between ve- 
hicles and the dependability of ar- 
riving at the desired destination at 
the predicted time. 

A VTOL aircraft operating be- 
tween city centers, but also having 
flights which serve existing airports 
to accomodate transfer passengers, 
eliminates the large number of 
transfers currently necessary. 

Furthermore, there will be a high 
degree of operational dependability 
because a VTOL aircraft can oper- 
ate outside of fixed-wing traffic 
patterns and can, if properly de- 
signed, make steep unaccelerated 
approach paths under IFR condi- 
tions. The exact design criteria 
for assuring this capability — which 
involve flight handling characteris- 
tics, instrumentation, navigation 
equipment, and the coordinated de- 
sign and development of ground 
and airborne guidance equipment — 
are not sufficiently well known at 
present. But the work in this area 
currently being done by NASA 
should provide many of the answers 
necessary for preliminary design 
and for definitions of development 
program targets. 

In addition to this, the ability 
of several VTOL aircraft to make 
simultaneous landings at the same 
terminal would largely reduce the 
need for stacking and thus increase 
the probability of on-time arrival. 

The greatest value of a VTOL 
aircraft to the traveler, however, 
will be the saving of tedious 


ground-transportation time, with 
resulting savings in the total block 
time over that of fixed-wing air- 
craft, as indicated in the graph on 
page 105. This time saving has 
been given an arbitrary but con- 
servative value of $3.00 per hour. 

It is difficult to find an accurate 
value of the premium that travelers 
are willing to pay for a certain sav- 
ing in time, but the estimate of 
$3.00 per hour seems reasonable 
and conservative in the light of the 
following factors: 

1. The median income of air 
travelers is between $5.00 and $6.00 
per hour. 

2. Approximately 80% of all air 
travelers are traveling on business, 
for which they will be reimbursed. 

3. Approximately 45% of all ar- 
rivals occur during working hours, 
and an additional 20% arrive in the 
early evening. 

The existing rates for scheduled 
ground transportation have been 
analyzed and have been found to 
average about $1.50. On the other 
hand, the taxi rates associated with 
the typical 2-mi. trip necessary to 
arrive at the VTOL terminal aver- 
age $0.75. Plus the time value of 
$0.50 for the 10-min trip, this gives 
an equivalent cost of $1.25 for 
VTOL travel. 

Hence, the justifiable difference 
in the fare charged a VTOL trav- 
eler, as compared with existing 
coach fares, comes to $3.00 per 
block hour saved plus $0.50 saving 
in ground transportation. 

At this point, it might logically 
be expected that there are sufficient 
data for the computation of direct 
operating costs and profit poten- 
tials for the types of vehicles con- 


V0LUME OF VT0L-AIRCRAFT TRAFFIC AT PEAK TRAFFIC PERIODS 
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New York 

Chicago 
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All aircraft have 60 seats; 

?a non-refuelling stop 
takes 10 min.; a refuelling ' 
stop takes 15 min.; 
and the aircraft boarding 
area is unoccupied for not 
less than two min. 
between flights. 
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sidered, and therefore also for a 
comparison with a representative 
fixed-wing aircraft. Unfortunately, 
this is not so. The past and cur- 
rent gaps in VTOL research alluded 
to earlier make it extremely difficult 
to predict capabilities at the present 
time and still have the necessary as- 
surance that the risk is reasonable 
for anything but the two ends of the 
spectrum where experience is al- 
ready considerable — namely, for 
the rotary-wing VTOL and for the 
fixed-wing aircraft. 

This characterization of the situa- 
tion unfortunately appears accurate 
despite the excellent work being 
done, on limited funds, by NASA 
and other organizations in the 
VTOL field. The Air Force-Army 
VTOL transport should yield valu- 
able developmental information, as 
should the projected Navy develop- 
mental vehicle and the Army lift- 
fan research program. 

But the time span of interest 
here begins in 1967, only slightly 
removed beyond the minimum pe- 
riod required to develop vehicles 
based on current state-of-the-art 
knowledge. The situation is ana- 
logous to what would have happened 
if the attempt had been made to 
design the project programs for 
fixed-wing commercial jet aircraft 
when the designs of the first experi- 
mental jet aircraft were prelimi- 
nary. 

This situation with respect to 
VTOL research, and its significance 
with respect to the ability to pro- 
ject realistic designs on a timely 
basis, is admirably set forth in the 
MIT symposium. 1 Although this 
symposium concerned specifically 
Army requirements, the problems 
dealt with were fundamental. It 
is beyond the scope of this paper to 
consider these problems in detail, 
but it is necessary to an under- 
standing of the problem of the com- 
mercial VTOL transport to note the 
important gaps in the funding of 
current research needed for VTOL 
applications. 14 Examples of vari- 
ous problem areas that deserve at- 
tention and research effort include — 

MATERIALS 

Ordered load spectra to replace random foi 
fatigue testing and design. 

Refinement and extension of cumulative damage 
theory. 

Mechanism of crack propagations. 

Influence of residual stress on fatigue. 

Mechanism of origin of fatigue. 

Fracture of dynamically loaded materials. 




STRUCTURES 

Experimental structures development. 

Ntmctural dynamics problems: rotating beams, 

VTOL props., rotors, lift-fans, primary struc- 
ture. 

Elastic and plastic instabilities: slender shell 

beams under combined torsion-bending— 
rotors, props., wing and fuselage structures. 

aeroelasticity and loads 

Control effectiveness as a function of elastic 
characteristics of rotors, propellers, support- 
ing structures. 

Aeroelastic stability of blades including influence 
of pressure of duct walls, flutter of unloaded 
rotors at high speed. 

Effect of flow instability over duct walls on 
fatigue loadings of elastic blades. 

Reduction of rotor, prop., fan induced vibra- 
tions by modification of blade stiffness dist. 

Effects of mass and stiffness distribution on fa- 
tigue loading for new rotor, prop., fan con- 
figurations. 

D< termination of steady and harmonic airloads 
for new configurations of lift systems. 

Determination of transient airloads in gusts and 
maneuvers. Determination of dynamic re- 
sponse. 

Maximum control effectiveness as limited by (h) 
above. 

AERODYNAMICS 

Development of low-speed aerodynamics for 
optimum wing designs at very low speeds. 

Development of aerodynamic theory applicable 
to design of ducted propellers. 

Investigations of wing-rotor interaction effects; 
wing angle of attack distribution as affected 
by presence of propellers, ducted propellers, 
lift-fans, lifting jets. 

Definition of and provision for satisfactory con- 
trol and handling qualities. 

Provision for space stabilization in low-speed 
flight and hover. 

Reduction of drag of aircraft configurations nec- 
essary for vertical Eight capability. 

Investigation of three-dimensional boundary- 
layer flows. 

GUIDANCE .AND CONTROL 

Development of fundamental control techniques 
to satisfy optimum automatic guidance and 
control requirements. 

Development of equipment for position and 
orientational references specifically to VTOL 
requirements. 

Extension of work in adaptive control systems 
to VTOL area. 

NOISE 

Determination of effect of shear flow stability on 

noise. 

Determination of parameters affecting noise out- 
put of rotors, propellers, ducted configurations. 

PROPULSION 

Augmentation of research data on internal flow 
phenotnona. 

• n\ ejtigation of problems related to possibility 

of short-duration high peak-power engine 

ratings. 

• n\ estimation of standby power-augmentation 

means. 


The economic evaluation at this 
poin:. therefore, can yield only ten- 
tative results. The foregoing op- 
erational analysis indicates prelimi- 
nary systems requirements, at least 
:n tenns of size and performance. 
The present level of VTOL tech- 
r.oiogv, for the reasons given, can 
us yet yield no reasonably certain 
answer as to how these require- 
ments may best be met. At best the 
•'o ends of the spectrum can be 
1 m Pared, as in the graph on this 
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page, where the lateral compound 
is compared with a representative 
fixed-wing jet as to profit potentials. 
An associated graph gives the direct 
operating cost of the lateral com- 
pound. 

By definition, the specific VTOL 
designs presented here represent 
state-of-art design capabilities; by 
implication they also represent ex- 
trapolations of these capabilities in 
the light of current knowledge. 
The lateral compound is sufficiently 
well based on available research in- 
formation and on an in-house 
Sikorsky and United Aircraft Corp. 
research programs extending over 
the past 10 years, plus the byprod- 
ucts of three high-performance heli- 
copter weapon-system programs 
during that period, to be pro- 
grammed with a high degree of con- 
fidence for 1967 commercial avail- 
ability. Other approaches are open 
to various degrees of qualification 
as bases for forecasted programs 
for this period in view of the sig- 
nificant gaps in current research. 

The particular solutions con- 
sidered here do not by any means 
exhaust the possible varieties of 
VTOL configurations which 'war- 
rant serious consideration and 
which, in fact, are currently being 
given consideration. 

Shown on page 101, the compound 
helicopter of 60,000-lb gross weight 
studied would carry 60 passengers 
with maximum comfort for a range 
of 420 st. mi. with 100 mi. of fuel 
reserve. It would cruise at 250 
knots at 5000 ft on a standard day 
and hover at 2500 ft O.G.E. on an 
83-F day. The design meets all 
applicable CAR7 requirements. 

The flight regime may be divided 
into three modes. In the helicopter 
mode, the craft would hover and 
accelerate as a conventional helicop- 
ter ; in the transition mode, the 
main rotors slow down and are par- 
tially unloaded by the wing. Pro- 
pellers give thrust for further ac- 
celeration. In the compound mode, 
the main rotors are in autorotation 
and provide approximately 28% of 
the lift at 250 knots, the wing pro- 
viding the remaining 72%. Main- 
rotor governors, sensing rotor rpm 
and controlling longitudinal cyclic 
pitch, automatically maintain rotor- 
speed stability. Conventional air- 
plane controls will be provided for 
the pilot. 
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TRAVEL TIME, COSTS, AN0 PROFIT POTENTIAL: Top, 
total travel time city center to city center; middle, 
direct operating costs of lateral compound; bottom, 
profit potential of various aircraft. 


The rotor-tip speed was selected 
at 650 fps for the helicopter mode. 
This tip speed, however, is too high 
for the airplane mode because of 
the rotor power required and ad- 
vancing blade Mach number limi- 
tations. Calculations for the for- 
ward flight mode using strip theory, 
which eliminates simplifying as- 
sumptions, indicates a 423-fps tip 
speed for this mode. Care must be 
taken in the selection of the rotor 
parameters to assure that autoro- 
tation is possible and that, for a 
given collective pitch setting, the 
slope of torque-vs.-rotor angle-of- 
attack curve is linear over a wide 
enough range about the zero torque 
value. This is to assure reasonable 
operation of the main rotor gover- 
nors. 

Under the above conditions the 
rotor system is flying at an advance 
ratio of fj. = 1.0 and, if the rotors 
were not partially unloaded, severe 
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rotor stall and high control load 
feedback would result. As it is, the 
rotor will be partially stalled, but it 
appears that performance and sta- 
bility will not be severely affected. 
This has been analytically verified 
for a single-rotor configuration 
based on studies conducted with 
the analog facilities at UAC Re- 
search Laboratories. However, 
these studies did not indicate the 
vibratory stress levels acting on 
the rotor blades and controls, nor 
did they take account of the side- 
by-side system being mounted on a 
relatively soft spring-mass system 
— that is, the wing. These areas 
need further study to determine 
their effect on rotor-blade and con- 
trol-system life and reliability. 

The wing structural design also 
needs further study. Preliminary 
dynamic analysis indicates that the 
normal quasi-static wing load cri- 
teria will not be sufficient. The 
large dynamic masses of the rotor 
system mounted on the wing tips 
require that the wing structure be 
structurally adequate to avoid res- 
onant dynamic response. The ana- 
lytical methods in conjunction with 
high-speed computers can now pro- 
vide the required solution, but more 
work will be necessary to determine 
the tradeoffs of varying the design 
parameters — that is, section modu- 
lus, mass distribution, number of 
rotor blades, etc — to find the opti- 
mum combination. More than the 
usual amount of dynamic structural 
testing, moreover, will be required 
to correlate and verify the analytical 
work. 

Assurance of accurate predic- 
tions of performance, flying quali- 
ties, and control requirements will 
necessitate further studies of meth- 
ods of reducing drag, mutual inter- 
ference between rotor and wing, 
safe flight-transition techniques 
from helicopter to airplane flight 
and back, reliable main rotor gover- 
nor designs, minimum-pilot-effort 
control systems, and accurate 
weight-prediction techniques. 

Continuing studies will also be 
required to determine interior ar- 
rangements that provide maximum 
crew and passenger comfort and 
efficient handling of passengers and 
baggage. 

As to the direct-lift jet, the 60- 
passenger design shown on page 101 
typifies a VTOL aircraft embody- 

100 


ing the principle of the “composite 
powerplant,” in which special light- 
weight lift-engines power takeoff 
and landing and separate engines 
power cruise. It has been designed 
to the preliminary requirements 
given in the foregoing analysis. 

The 10 lift-engines ride in a wing 
root fairing and are symmetrically 
disposed relative to the normal cen- 
ter of gravity. The four “corner” 
engines have thrust-vector control, 
and thus supply the X-Y forces re- 
quired in vertical flight and transi- 
tion. Conventional power-assisted 
aerodynamic surfaces and pressure- 
balanced nozzles at the extremities 
of the wing and fuselage control 
roll, pitch, and yaw. The nozzles, 
normally partially shut, are fed lift- 
engine-compressor bleed air from a 
central gallery duct. 

The design cruising speed of 500 
mph at 20,000-30,000 ft was chosen 
in order not to compromise the 
low-speed handling characteristics. 
Designed within the state of the 
art, the wing has a maximum Mach 
number for drag divergence of 0.82 
and will not require stability aug- 
mentors. The installed sea level, 
standard-day thrust-to-weight ratio 
of approximately 1.5 results from 
designing the aircraft to hover at 
sea level on an 92-F day with 10% 
lift engine compressor bleed for con- 
trol and one lift engine dead. The 
design range with a vertical take- 
off and landing is 420 st. mi., and 
the craft would have an additional 
fuel allowance for 100 st. mi. at the 
normal cruise speed of 500 mph. 

The desirability of a direct-lift 
transport depends in part on achiev- 
ing the lowest possible weight in 
lift engines and their installation. 
Three basic approaches have thus 
been examined : All convertible en- 
gines similar to the Bristol Siddeley 
BS. 53; part convertible engines 
and part lift engines; and lift en- 
gines plus propulsive engines. For 
a transport configuration, the com- 
posite use of lift and cruise engines 
gave the best arrangement and low- 
est installed thrust-to-weight ratio 
when thrust for control, the match 
between hover and cruise thrust re- 
quirements, engine failure, elevated 
temperature, and airport altitude 
had all been taken into account. 

The tremendous possibilities 
opened up by a VTOL direct-lift 
transport are not without challeng- 


ing problems. 1 With one possible 
exception, however, the problems 
facing the designer of a direct-lift 
commercial transport appear sus- 
ceptible of straightforward solu- 
tion, given adequate research sup- 
port, for a more extended time- 
frame than considered here. 

The one possible exception ap- 
pears to be the problem of noise. 
This is particularly significant in 
view* of the fact that economic po- 
tential of the VTOL, as previously 
noted, depends largely on its abil- 
ity to operate close to the centers 
of populated areas. If the direct- 
lift jet is to be seriously considered, 
a very intensive research effort in 
this area will be required. 

To recapitulate, from the passen- 
gers’ point of view, there is a defi- 
nite need for an air transportation 
system with a lower ground-travel 
time, fewer transfers, fewer delays, 
greater dependability, and greater 
convenience than now available. 

From the airlines’ point of view, 
there is a need for an aircraf: 
which is profitable throughout its 
designed spectrum. Furthermore, 
the availability of an economical 
short-haul aircraft will provide a 
substantial increase in the volume 
of air travel. 

Current design and systems 
studies indicate the feasibility of 
rotary-wing and non-rotary-wing 
design solutions for the short-range 
air transport problem. 

The rotary-wing solution appears 
economically advantageous, for 
stage lengths of 200 st. mi. or less, 
over the state-of-the-art fixed-wing 
jet. 

A rotary-wing solution may be 
programmed for commercial deliv- 
ery in 1967. 

Non-rotary-wing solutions canno* 
be programmed for 1967 and their 
economic potential is presently in- 
determinate, because of importan: 
past and continuing gaps in VT01 
research. 

REFERENCES: 1. Symposium on Research 

Related to Army Air Mobility, Massachusrtt 
Institute of Technology, Feb. 14, 1961 art 
July 24. 1961. 2. "Origin-Destination Aidin' 

Revenue Passenger Survey,” Air Transport Ass^ | 
ciation of America, 1961. 3. “Airport Tran 4 ( 

portation, A Study of Transportation Means br ( 
tween Airports and the Metropolitan Areas TV 
Serve,” prepared for the Federal A via tic j 
Agencv bv Human Sciences Research, Inc., Fd - 
ruary 1961. 4. NASA Conference on V/ST0- ’ 

Aircraft, Nov. 17-18, 1960. 5. “Economic ar 

Safety Aspects of Short Haul V/STOL Aircra' 
on High Density Routes,” George Ray at- 
Robert Steiner, April 3, 1962. 

Astronautics and aerospace engineers 


Highly 

underexpanded 
exhaust jets 
against 
adjacent 
surfaces 
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In stage separation, 
rendezvous 

trajectory corrections, 
and lunar takeoff 
and landing, 
the impingement 
of flaring exhaust 
jet and adjacent 
vehicle surfaces 
can cause stability 
problems and 
structural damage 
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The use of hot, highly underex- 
panded exhaust jets during high- 
altitude stage separation, rendez- 
vous of vehicles in orbit, attitude 
control or trajectory correction, and 
lunar soft-landing or takeoff could 
cause various problems, depending 
on the characteristics of the billow- 
ing jet and its proximity to nearby 
surfaces. For example, the im- 
pingement and reflection of the hot 
gases from an adjacent surface 
back onto the vehicle could cause 
stability problems or structural 
damage from the resulting pres- 
sure and temperature increases. 

Theoretical calculations of the 
diffusion of a jet into a vacuum re- 
quire an accurate prediction of the 
conditions at the exit of the exhaust 
nozzle. Experimental verification 
of these methods is desirable, since 
the Mach number and specific-heat 


SHOCK STRUCTURE within an expanding jet— cold-flow 
nozzle; j = 1.4; e = 25. 



ratio are difficult to compute, being 
dependent on the complicated com- 
bustion and expansion processes 
occurring within the rocket. 

Most of the available information 
on surface pressure and tempera- 
ture magnitude and distribution has 
been limited to low nozzle pressure 
ratio. The interaction of highly 
underexpanded cold-air jets with 
nearby surfaces has been studied at 
a total pressure ratio of 288,000, 
pressure distributions on hard, flat, 
and discontinuous surfaces, as well 
as the interference effects on two 
arbitrary vehicle shapes (a sphere 
and a cylinder), being obtained over 
a range of descent heights with 
nozzles of various contours and area 
ratios. 1 

Presented here are further 
studies that have included the ef- 
fects of a hot exhaust jet and the re- 
sulting temperature and pressure 
distributions on a cylindrical ve- 
hicle and a hard, flat surface. 

Experimental Technique. Ex- 
perimental determination of jet- 
surface interactions in a space en- 
vironment has not been satisfac- 
tory. It is difficult to simulate high 
pressure ratios because of the in- 
ability to maintain a vacuum in a 
test chamber with the addition of 
propellant flow into the system. 

The following experimental tech- 
nique has been used at the NASA 
Lewis Research Center to obtain 
and to maintain a high pressure 


SYMBOLS 

d t = nozzle throat diameter 
h 8 = target-surface heat trans- 
fer coefficient 

P c = combustion-chamber pres- 
sure 

p b = vehicle-base pressure 
p g = target-surface pressure 
T b = vehicle-base temperature 
T c — combustion-chamber tem- 
perature 

T 9 — target-surface temperature 
X = distance measured along 
the surface of the target 
from the center of the jet 
y b = distance from target to ve- 
hicle base 

y t = distance from target to 
nozzle throat 

c = exhaust-nozzle area ratio 
7 = ratio of specific heats 
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ratio for reasonable test times. 
The 10- by 10-ft supersonic wind 
tunnel is operated at its highest 
Mach number and altitude to pro- 


COORDINATES FOR CONTOURED EXIT NOZZLES 
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vide a low ambient pressure. Simu- 
lated space vehicles are then 
mounted behind the 40-in-diam base 
of a cone-cylinder-flare body, as 
shown below left. This body shel- 
ters the configuration from the 
supersonic flow and provides a tar- 
get for the expanding jet. With a 
chamber pressure of 2000 psia and 
a measured ambient pressure of 1 
psf (abs), a nozzle total pressure 
ratio of 288,000 is obtained and is 
maintained as the tunnel flow 
scavenges the exhausted flow. 

The quality of space pressure 
simulation achieved in the experi- 
mental programs can be seen from 
the adjacent graph which com- 
pares measured Pitot pressure on 
the centerline of a sonic nozzle at 
a finite pressure ratio of 288,000 to 
the theoretical Pitot pressure varia- 
tion of a similar nozzle expanding 
into a vacuum. 2 The degree of 
simulation is apparent even though 
condensation of both the nitrogen 
and oxygen would be expected at 
these pressure ratios. The meas- 
ured pressures were always higher 
than the theoretical values, and the 
experimental results presented here 
should be considered in this light. 
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SIMULATED LUNAR-LANDING VEHICLE installed for experiments in Lewis* 10- by 10-ft supersonic wind tunnel. 


Measured Pressure Effects. One 
of the convergent-divergent nozzles 
used in the cold-flow program had a 



LUNAR SIMULATION met in experimental program. 


length 80% of an equivalent 15-deg 
conical nozzle, an area ratio of 25, 
and an exit Mach number of 5.O. 1 
Its contour is a parabola tangent to 
the throat radius and exit angle. 3 
The nozzle used in the hot tests also 
had a parabolic shape, but it had 
an area ratio of 40 and a corre- 
sponding exit Mach number of 4.4. 
(Coordinates for both of these noz- 
zles are listed in the table at top 
left.) Gaseous oxygen and hydro- 
gen propellants were burned at com- 
bustion-chamber pressures from 
500-1200 psia. 

A graph on page 109 shows the 
Pitot pressure distribution obtained 
on the centerline of these two bell 
shaped nozzles for a range of de- 
scent height. The flagged symbols 
on the figure locate the nozzle-exit 
stations (or minimum descent 
height) at the corresponding theo- 
retical value of Pitot pressure. 
Each of the two nozzles had some 
type of internal shock system within 
the expanding jet that extended 
about two exit diameters down- 
stream, as shown in the schlierer. 
photograph on page 107. These 
compression waves produced the dis- 
continuity in the centerline pressure 
variation shown in the graph on 
page 109 at descent heights betweer 
10 and 20 throat diameters. Simi- 
lar pressure trends have also beer 
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obtained with other bell-shaped 
nozzles during wind-tunnel tests of 
high-altitude stage separation when 
the target was close to the jet exit. 
In the cold-flow investigation, a 
conical and a long isentropic nozzle 
were effective in eliminating the 
discontinuity in centerline pressure 
variation. Apparently the shorter 
bell-shaped nozzles overturned the 
flow, and internal compression 
waves were generated. 

In general, the centerline pres- 
sure measurements indicate that 
the jet diffused rapidly downstream 
of the nozzle exit. At a distance of 
25 throat diameters the peak Pitot 
pressure was only 1% of the cham- 
ber pressure, and at a distance of 
S3 throat diameters it had decreased 
to 0.1%. A comparison of the data 
obtained in the hot- and cold-flow 
tests indicates general agreement in 
centerline pressure variation result- 
ing from these bell-shaped nozzles. 

The graph at far right shows 
measured pressure distributions 
along the target surface at nominal 
separation distances of 40, 20, and 
10 throat diameters. The correla- 
tion of the data between the two 
tests again was good. At the 
greater distance the surface pres- 
sures were relatively low in magni- 
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*tle and extended over a large area. 
c l° s er separation distances the 
Lg.h pressures were contained 

• hin a circle with a radius of 8 
nroat diameters. The annular 
pressure distribution at a distance 
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of 10 throat diameters resulted from 
the internal shock system that was 
associated with these bell-shaped 
nozzles, as discussed previously. 

In the cold-flow test, a pressure 
increase was measured on the base 



of the cylindrical model at separa- 
tion distances less than 14 throat 
diameters, as shown by the graph 
just above. In the hot test, the 
pressure rise was first detected at 
16 throat diameters because of a 
higher vehicle base diameter ratio; 
but the rate of increase was about 
the same. The pressure distribu- 
tion in the base was symmetrical, 
and no moments were imparted to 
the vehicle when the target surface 
was flat and hard. 

Measured Temperature Effects. 
The temperature distributions on 
the surface of the target and the 
base of the vehicle were obtained 
from thermocouple measurements. 
The peak target temperature was 
divided by the combustion-chamber 
temperature. The graph on page 
110 presents results for a range of 
descent height and combustion- 
chamber pressure. The combustion- 
chamber temperature varied from 
4800 to 5100 R over the range of 
chamber pressures presented. The 
peak target temperature increased 
linearly with decreasing separation 
distance and also increased with 
higher chamber pressure. At a dis- 
tance of 40 throat diameters, the 
peak temperature was about 80% 
of the combustion-chamber tem- 
perature. 

The graph on page 110 gives the 
temperature distribution measured 
along the target surface at descent 
heights from 37 to 69 throat diam- 
eters. The temperature increased 
near the center of the target as the 
separation decreased, as would be 
expected. At surface distances 
greater than 30 throat diameters, 


the opposite effect was noted; that 
is, the surface temperatures de- 
creased with decreasing descent 
height. Similar trends were also 
noted in the surface pressure distri- 
butions during the cold-flow investi- 
gation. At a radius of 70 throat di- 
ameters, the target temperature was 
about 25% of the centerline 
temperature. 

Heat-transfer coefficients, ob- 
tained from measured heat inputs 
to a copper-disk calorimeter located 
at a radius of 15.5 throat diameters 
from the center of the target, are 
presented in the graph on page 110 
for a range of descent height ratios. 
The measured recovery tempera- 
ture of the calorimeter was low — 
for example, 2300 R for y t /dt = 40 
and P c = 1000 psia — because of the 
heat-sink effect of the target sur- 
face. The large influence of the 
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LANDING SURFACE DISTANCE RATIO, x/dt 


(c) DESCENT HEIGHT RATIO y,/d, ( 10 
LANDING surface pressure distributions. 


heat sink in maintaining a cool 
boundary layer resulted mainly 
from the low gas density in this 
area. The difference between the 
measured heat-transfer coefficient 
and one that would be obtained with 
a higher recovery temperature 
would be primarily a function of 
the change in the physical proper- 
ties of the gas. The heat-sink ef- 
fect will be present to some degree 
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in all tests of jet impingement, de- 
pending mainly on the surface con- 
ditions and the gas density. 



MAXIMUM landing surface temperature. 


The heat-transfer coefficient in- 
creased at a linear rate with de- 
creasing descent height and also in- 
creased with combustion-chamber 
pressure, as expected. As shown, 
top right, values of heat-transfer 
coefficient varied from 100 to 280 
Btu/hr-ft 2 -R over the range of vari- 
ables presented. 



LANDING SURFACE DISTANCE RATIO, i/d, 
LUNAR SURFACE temperature distributions. 


The temperature on the base of 
the cylindrical vehicle increased in- 
itially at a separation distance of 
20 throat diameters, as shown in 
the graph at the right, reaching a 
value near 60% of the combustion- 
chamber temperature at a descent 
height of 8 throat diameters. The 
base temperature also increased 
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slightly when the pressure ratio was 
doubled. 

A copper disk calorimeter was 
also used on the base of the vehicle 
to obtain heat-transfer coefficients. 
The calorimeter was located at the 
edge of the base surface. At de- 
scent height ratios greater than 20, 
the base was heated only by radia- 
tion. At lower descent heights the 
base was heated further by convec- 
tion from the hot jet reflecting back 
from the landing surface. At a 
descent height ratio of 12.5, a ve- 
hicle base heat-transfer coefficient 
of 100 Btu/hr-ft 2 -R was measured, 
increasing to 200 Btu/hr-ft 2 -R at a 
descent height ratio of 10 for a 
chamber pressure of 500 psia. 

Summary. Although explora- 
tory, this study indicates trends and 
first-order effects pertinent to the 
jet-surface interactions associated 
with a rocket-powered vehicle op- 
erating in close proximity to nearby 
surfaces. Results of these studies, 
a summary of which follows, are ap- 
plicable to the areas of stage sepa- 
ration at high altitudes, orbital 
rendezvous, attitude or trajectory 
control, and lunar operation. 

Pressure effects. First, space 
pressure simulation obtained in the 
experimental studies was reason- 
able, the Pitot pressure measured on 
the centerline of a sonic nozzle at a 
finite pressure ratio of 288,000 
agreed favorably with that pre- 
dicted theoretically for a similar 
nozzle expanding into a vacuum. 
Second, the jet diffused rapidly 
downstream of the nozzle exit. At 
a distance of 25 throat diameters 
a peak surface pressure of 1% of 
the chamber pressure was measured. 
This pressure decreased to 0.1% at 
a distance of 85 throat diameters. 
Third, interaction between the 
surface and the vehicle only oc- 
curred at separation distances less 
than 16 throat diameters. 

Temperature effects. First, the 
peak target temperature increased 
linearly with decreasing separation 
distance, reaching a value of 80% 
of the combustion-chamber tem- 
perature at a distance of 40 throat 
diameters. Then, the temperature 
on the base of the cylindrical vehicle 
increased at descent heights less 
than 20 throat diameters, a peak 
base temperature equal to 60% of 
the combustion-chamber tempera- 
ture was recorded at a distance of 


8 throat diameters. And third, 
heat-transfer coefficients were ob- 
tained on both the vehicle base and 
target surface from the measure- 
ments of copper-disk calorimeters. 
Measured values of the heat-trans- 
fer coefficient on the target surface 
at a distance of 15.5 throat diam- 
eters from the center varied from 
100 to 280 Btu/hr-ft 2 -R for a range 
of descent height ratios from 40 to 
90 and combustion-chamber pres- 
sures from 500 to 1000 psia. 



LANDING SURFACE heat-transfer/coefficient; calori- 
meter at x/dt = 15.5. 


At descent height ratios less than 
20, the vehicle base was heated by 
radiation and convection from the 
hot gas reflecting back from the 
landing surface. A heat-transfer 
coefficient of 200 Btu/hr-ft 2 -R was 
measured on the base at a descent 
height ratio of 10. The calorimeter 
was located at the edge of the ve- 
hicle base. 


MINIMUM DESCENT HEIGHT 



VEHICLE surface temperature. 
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The analytical and experimental 
studies of rocket-booster base flow 
discussed here originated with 
afterbody and base pressure studies 
of turbojet installations, progressed 
to base-heating studies of single- 
and four-engine rocket boosters, 
and most recently has included base 
heating of an eight-engine rocket 
booster. Models of the Jupiter, 
Thor, Atlas, Polaris, and Saturn 
vehicles and generalized configura- 
tions were investigated experi- 
mentally in several Lewis Research 
Center wind tunnels — the 8- by 6-ft 
SWT, the 10- by 10-ft SWT, and 
small (18- by 18-in.) tunnels. 

Some results have been reported, 
some are being prepared for publi- 
cation, and the results of some 
studies were so greatly affected by 
the specific model performance that 
they were not sufficiently precise 
or general to warrant publication. 
Our purpose here will be to sum- 
marize this over-all program, to il- 
lustrate some of the considerations 
and limitations of model testing, 
and to present an integrated inter- 
pretation of the results. The future 
role of small-scale base-heating 
tests will be indicated. 

Base-Flow Studies. Numerous 
studies of base-flow aerodynamics 
were undertaken during the late 
1940's and early 1950’s to optimize 
the aerodynamic design of turbojet- 
and ramjet-powered configurations. 1 
However, knowledge of the funda- 
mental parameters affecting the 
base-flow phenomena was inade- 
quate until Korst, et al., at the Univ. 
of Illinois presented a basic flow 
model which has been very useful in 
understanding the aerodynamics of 
jet mixing. 2 Using this analysis, 
Kochendorfer developed a technique 
for theoretical prediction of base 
pressure resulting from the jet- 
stream interaction of an axisym- 
metric configuration. 3 A variety of 
base and nozzle configurations em- 
ploying a cold gas jet were investi- 
gated in small (18- by 18-in.) tun- 
nels, and results showed good cor- 
relation with theory for convergent 
nozzles but poor correlation for con- 
vergent-divergent nozzles. 

Shortly thereafter, base-heating 
studies were begun in the 8- by 6-ft 
tunnel of single jet configurations. 
A lox-JP rocket motor was em- 
ployed, and results showed serious 
effects of base burning when fuel 


from the rocket jet or from the 
turbine-exhaust discharge were en- 
trained and ignited in the base 
region. 4 ~ 9 A similar study of 
single-jet base heating at a high 
Mach number was conducted in the 
10- by 10-ft tunnel, 10 and again se- 
rious effects of base burning oc- 
curred as a result of entrainment of 
fuel from the jet. 

The theoretical analysis of the 
base-flow phenomena had been in- 
terrupted because the poor correla- 
tion theory and experiment for the 
convergent-divergent nozzles of 
Reference 3 could not be explained. 
To investigate a possible scale ef- 
fect on the mixing phenomena, a 
similar study of axisymmetric base 
pressure was conducted in the 8- by 
6-ft tunnel with large-scale models. 
A cold-air jet again was used, and 
effects of base bleed were also de- 
termined. These results showed 
good correlation with theory for the 
convergent-divergent nozzles. 

In addition, the analysis was ex- 
tended to determine base gas 
temperature and pressure of an 
axisymmetric configuration with a 
hot jet. 11 To assess the accuracy of 
the theory, the base flow of a hydro- 
gen-peroxide rocket was investi- 
gated in the 8- by 6-ft tunnel. Cor- 
relation of base pressure with 
theory again was good, but base gas 
temperatures were somewhat less 
than theory. The results of both 
these studies have been presented. 12 

A third general study in the 
8- by 6-ft tunnel investigated the 
aerodynamics of the base flow 
of axisymmetric rearward-facing 
steps. 13 Because it had been deter- 
mined that clustered nozzle config- 
urations also have a serious base- 
heating problem due to mutual jet 
interaction, 14 studies of four-jet 
geometries were initiated in the 8- 
by 6-ft tunnel during 1969 with 
hydrogen-peroxide rocket motors. 
During the test, it was observed 
that the nozzle-wall temperature 
had an important effect on base gas 
temperature; and, since the wall 
temperatures of the nozzles used in 
this study did not simulate the wall 
temperatures of a full-scale booster 
engine, results were not reported. 

Also in 1959, a four-jet configura- 
tion employing lox-JP rocket mo- 
tors was investigated in the 8- by 
6-ft tunnel. In this test it was de- 
termined that base-heating data 
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NOZZLE-EXIT temperature profiles, shown schematically. 



LUMINOSITY of exhaust from Saturn model. 


BASE-FLOW aerodynamics at high altitudes. 


were greatly influenced by erratic 
base burning, resulting from the 
use of engines with relatively low 
efficiencies (c* = 4700 fps). These 
results were not considered to be 
sufficiently representative to permit 
publication. A similar study of the 
base heating of a four-jet configura- 
tion was also conducted in the 10- 
by 10-ft tunnel with high-efficiency 
engines ( c * = 5400 fps), and re- 
sults showed the effects of geo- 
metric variables on base heating. 15 

To investigate the base-flow aero- 
dynamics of the eight-engine Sat- 
urn configuration, a cold-air-flow 
model of an early version of the 
configuration was tested in the 8- by 
6-ft tunnel. Results showed a high 
degree of entrainment of exhaust- 
erator gases in the base region. 16 
A similar study of the Saturn base 
heating was conducted in the 8- by 
6-ft tunnel during 1960 and 1961. 
The model employed eight lox-JP 
rocket motors, and the effects of 
configuration variables (such as 
cooling-air scoops and turbine- 
exhaust discharge ducts) were de- 
termined. Over 500 test firings of 
the model were made in the wind 
tunnel, and interpretation of results 


was seriously hampered by exten- 
sive effects of base burning. A re- 
port is being prepared on this. 

Interpretation of Results. The 
effect of altitude on the aerody- 
namics of base flow has been de- 
scribed in other publications. The 
illustration just above shows the 
basic-flow model with a high- 
altitude condition for a multijet 
configuration. The causes for base 
heating inherent in this flow phe- 
nomena include radiation from the 
rocket jet to the baseplate, recir- 
culation of rocket or turbine ex- 
haust gases into the base region as 
a result of jet-stream and jet-jet 
interaction, and combustion in the 
base region of fuel, which origi- 
nated from the fuel-rich rocket jets 
and/or turbine exhaust discharge, 
with oxygen entrained from the 
free stream. 

Since base heating is an impor- 
tant consideration in missile design, 
it is desirable to determine the de- 
sign heating rates with small-scale 
models, to assure the success of the 
flight vehicle. Base heating is af- 
fected by a very large number of 
parameters, however, all of which 
need to be considered in the design 


of a small-scale model and in the 
interpretation of model results. 
Providing the small-scale simula- 
tion of all of these parameters is 
the crux of the problem. 

To simulate the radiant heating 
of the baseplate by the rocket jets, 
the simulation parameters that need 
to be considered are the jet tem- 
perature, the jet emissivity, and the 
jet-to-base form factor. The emis- 
sivity of the jet is such a complex 
phenomena that it appears neces- 
sary to use the same propellants for 
the small-scale model as will be used 
in the flight vehicle. This choice 
also approximates the correct jet 
temperature. However, simulation 
of the form-factor effects is more 
difficult to achieve, since much of 
the radiation originates from the 
afterburning muff located some dis- 
tance downstream of the nozzle exit 
The illustration at the left shows 
the muff which occurred with the 
Saturn model in the 8- by 6-ft 
tunnel. The distance from the noz- 
zle to the afterburning region de- 
pends on the mixing process of the 
jet with free-stream oxygen, on the 
excess-fuel distribution in the 
rocket jet, and on the chemical reac- 
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tion kinetics; therefore it cannot be 
scaled easily. As a result, this dis- 
tance (in terms of model scale) is 
generally too long with a small 
scale model and the form factor 
(and hence radiant heating) is low. 



RADIUS RATIO FROM CENTER. r/R 


EFFECT OF NOZZLE WALL COOLING on base g as 

temperature — four-jet configuration, choked center 

star. 


To simulate correctly heating ef- 
fects produced by hot-jet gases re- 
circulated into the base region, it is 
necessary that all parameters af- 
fecting the jet-stream or jet-jet in- 
teraction be correctly duplicated. 
The flow angularity and velocity re- 
quirements in the region of the 
trailing shock have been adequately 
discussed in the literature; and 
these requirements can be achieved 
by using the same propellants as 



THEORY VS. EXPERIMENT — single jet, Mo = 


the flight vehicle, a carefully scaled 
model and nozzle geometry, and the 
correct nozzle pressure ratio. More 
difficult to achieve, however, is an 
additional requirement, that the 
portion of the jet recirculated into 
the base region be at the correct 
total temperature. 

The total temperature profile of 
an exiting jet from a full-scale 
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motor, illustrated schematically on 
page 112, will depend on the propel- 
lants, oxidant to fuel ratio, and en- 
gine efficiency; on the nozzle-wall 
cooling effect, which will be greater 
for regeneratively cooled nozzles 
than for other types; on the fuel- 
distribution pattern of the injector, 
particularly if a very fuel-rich re- 
gion is created around the periph- 
ery to alleviate the wall heating 
problem; and on the effect of tur- 
bine exhaust gases discharged into 
the periphery of the jet. As il- 
lustrated in the figure on page 112, 
this temperature profile generally 
will be flatter for solid than for 
liquid propellant engines. 

Obviously, it is not easy to de- 
termine the jet temperature profile 
in the region of the trailing shock 
and then of duplicating it on a small 
scale, so that gases recirculated 
into the base provide the correct 
heating effect. The illustration at 
the left shows the significant effect 
that the nozzle wall-temperature has 
on the base gas temperature dis- 
tribution of a four-jet configura- 
tion. The nozzle walls of the lox-JP 
rocket motors were watercooled, 
whereas the nozzle walls of the hy- 
drogen-peroxide motors were un- 
cooled. Although nozzle-wall tem- 
peratures were not determined, the 
rocket firing was of sufficient dura- 
tion that the uncooled wall tempera- 
ture was approximately equal to the 
hydrogen-peroxide decomposition 
temperature (1400 F). The geom- 
etry of the two models was not 
identical, but the differences were 
small and would have little effect on 
base gas temperature for the 
choked center star conditions illus- 
trated at top left. 

A large reduction in base gas to 
jet gas temperature ratio with the 
cooled nozzle wall is evident. The 
drawing at left shows additional 
indications of nozzle-wall cooling 
effects for a single-jet configura- 
tion. 1 * * * * * * * * * * 12 Although the experimental 
and theoretical base pressures were 
in good agreement, the experi- 
mental base gas temperatures were 
somewhat less than theory. This 
difference may have been due to 
inadequacies of the theory; but, 
since the nozzle wall was water- 
cooled, it is more likely that the 
lower temperature ratios resulted 
from nozzle-wall cooling effects. 

Adequate simulation of the heat- 


ing resulting from base burning 
does not appear to be feasible, since 
combustion characteristics of the 
type encountered in base flow gen- 
erally cannot be scaled satisfac- 
torily. For the base-flow phe- 
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EXCESS-FUEL PROFILE at nozzle exit, shown sche- 
matically. 


nomena, simulation parameters that 
must be satisfied simultaneously (in 
addition to the requirements dis- 
cussed earlier) to determine if base 
burning occurs, and to determine 
the heating rates which result, in- 
clude the following: 



OXYGEN TO FUEL RATIO. 0/F 


EFFECT OF 0XIDANT-T0-FUEL RATIO on base burning— 
single-jet configuration. 8 


1. The correct quantity of fuel 

must be recirculated into the base 

region from the rocket jet and from 

the turbine exhaust. This requires 

that the excess-fuel concentration 

profile across the jet ahead of the 

trailing shock must simulate that 

of the flight vehicle. In a manner 

similar to that for the jet total- 

temperature profile, the excess-fuel 

profile of the full-scale vehicle, illus- 
trated schematically at top here, 
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depends on the propellants, oxidant- 
to-fuel ratio, and engine efficiency; 
the fuel-injector distribution pat- 
tern; and the effects of discharging 
fuel -rich turbine exhaust gases 
around the jet periphery. As indi- 
cated in the figure, these profiles will 
generally be more irregular for liq- 
uid- than for solid-propellant mo- 
tors. The task of determining the 
full-scale excess-fuel profiles in the 
region of the trailing shock and of 
duplicating them on a small scale is 
again very difficult. Special con- 
sideration must be given to the 
problem of achieving the high en- 
gine efficiencies of large motors with 
small-model rocket engines, and of 
simulating the diffusion character- 
istics of the turbine exhaust into 
the rocket jet to provide the cor- 
rect fuel distribution in the jet at 
the trailing shock. 

2. The local mixing in the base 
region of entrained fuel with en- 
trained air should be simulated to 
provide the correct local fuel-air 
ratios. In spite of the extensive 
work on combustors for ramjet and 
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INTERMITTENT AND ASYMMETRIC NATURE of base 

burning— single jet configuration, Mo = 3. 10 


turbojet engines, little can be done 
to control or scale this mixing. Ob- 
viously combustion will not occur 
if the local mixture is either too 
rich or too lean. 

3. Since flammability limits de- 
pend on temperature, this tempera- 
ture level must be correctly dupli- 
cated in the base region. As dis- 
cussed earlier, this requires cor- 
rect simulation of jet recirculation 


and of the jet-temperature profile at 
the trailing shock. Additional ef- 
fects on the temperature of the base 
gases that should be considered are 
quenching effects of structural sur- 
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ENGINE-EFFICIENCY EFFECTS on base burning— four- 
jet configuration. 


faces located in the base region. 
The base temperatures of a flight 
vehicle increase as it flies its tra- 
jectory and in general are substan- 
tially higher than those of a wind- 
tunnel model operated intermit- 
tently at discrete points of the tra- 
jectory. Hence quenching effects 
are greater with the model. A 
further complication arises from 
protective ablative coatings used on 
portions of the flight-vehicle base; 
effects of such ablative material on 
base burning are difficult to dupli- 
cate with a model. 

4. The flame speed and ignition- 
delay characteristics of the en- 
trained fuel should be correctly 
scaled relative to local velocities and 
residence time in the base region 
of the model. Again, the work with 
ramjet and turbojet combustors is 
evidence that satisfactory simula- 
tion of these parameters cannot be 
provided on a small scale. 

It is apparent that existing base- 
heating models do not provide a 
rigorous simulation of these param- 
eters affecting base burning; the 
model results, however, are greatly 
influenced by base burning effects. 
Hence, there is no assurance that 
the model results will be related to 
the conditions encountered in full- 
scale flight. Several situations re- 
sulting in a major influence of base 
burning on model data have been 
encountered in the tests at Lewis. 
An illustration of a typical effect of 


rocket-engine oxidant to fuel ratio 
on base burning of a single-jet con- 
figuration appears on page 113. 

At oxidant-to-fuel ( O/F ) ratios 
below 1.7, the entrained combustion 
gas-free-stream mixture was ap- 
parently too fuel-rich to ignite, and 
measured gas temperature and 
visual observations indicated no 
base burning. However, for higher 
values of O/F ratio, ignition oc- 
curred and relatively unsteady com- 
bustion was observed and measured 
in the base. The range of O/F 
ratio for which base burning will 
occur will depend on, among other 
factors, the efficiency of the par- 
ticular engine being employed. 

The intermittent and asymmetric 
nature of the burning is shown at 
far left for a single-jet geometry. 
For the first 18 sec of the rocket 
firing, measurements indicated a 
steady flow of entrained gases into 
the base regions at a relatively con- 
stant temperature of about 1100 R. 
Suddenly, shortly before rocket 
shutoff, the gas mixture ignited and 
combustion temperature reached 
2600 R. The rocket-engine operat- 
ing conditions and the tunnel flow 
were constant during the entire fir- 
ing until engine shutdown at about 
26 sec. The typical distribution of 
base gas temperature shown in the 
figure indicates that, for this partic- 
ular firing, some regions of the base 
experienced intense combustion 
(left side) while in other regions 
(such as the lower portion) there 
was virtually none. 
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BASE-BURNING EFFECT on calorimeter heating— Saturn 

model, Mo = 0.8. 


Effects of base burning on the 
base heating of a more complex 
four-jet. configuration is shown at 
the top for two tests — one with 
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high-efficiency engines and very 
little base burning; 15 and one with 
similar model geometry but lower- 
efficiency engines giving extensive 
base burning. The trends of the 
data with high-efficiency engines 
can easily be explained by consider- 
ing recirculation effects; that is as 
pressure ratio increased, center 
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CUGRiMETER DESIGN used in experiments. 


heating exceeded peripheral heat- 
ing. However, contradictory re- 
suits occurred with the low-effi- 
ciency engines; increasing pressure 
ratio caused greater peripheral 
heating than center heating. This 
peripheral heating was chiefly a re- 
.'.iit of base burning centralized in 
the base regions directly down- 
stream of the model struts. 

The effect of localized, intermit- 
tent base burning on calorimeter 
heating of the eight-jet Saturn 
m del is shown on page 114. Heat- 
ing traces for the calorimeters in 
; 'itions designated “A” and “C” 
-re typical of those where local base 
: -ruing effects were minor, while 
’ irregular nature of the “B” 
rimeter trace is the result of 
burning at that position. 
. v>e effects of intermittent burn- 
- are difficult to interpret, be- 
• •'* is not certain that the re- 
' * of a single firing can be re- 
■ -’•-d. or that these results yield 
maximum heating rates which 
i be considered in the full-scale 
’ r*:c! e design. 


Typical effects of base burning on 
temperature distributions in the 
Saturn-model base region are illus- 
trated here below. These tempera- 
ture distributions resulted from re- 
peated firings of an identical config- 
uration, and lack of reproducibility 
is evident. Movies taken of the 
model base clearly showed the inter- 
mittent and random nature of the 
base burning. 

Model Instrumentation. Extra- 
polation of small-scale base heating 
data to a full-scale vehicle requires 
a knowledge of the heat-transfer 
coefficient and the temperature of 
the base gas. The design of the 
calorimeter which was most satis- 
factory for the Saturn-model test 
conditions appears at left. The 
calorimeter disk was supported only 
by the two pairs of thermocouple 
wires to avoid corrections for con- 
ductance losses to the surrounding 
metal. The disk thickness and ma- 
terial were varied depending upon 
the magnitude of the heating rate 
being measured; greater disk thick- 
ness and metals with higher specific 
heats were employed for the higher 
heating rates. A cooling gas was 
discharged through the annulus 
about the disk during engine 
startup to minimize the deposit of 
carbon and combustion products of 
the tetraethylalumina used for en- 
gine ignition and to insure that a 
substantial disk temperature rise 
occurred during data acquisition, 
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BURNING EFFECTS on Saturn-base gas 
temperature distribution. 


thereby improving the accuracy of 
heating-rate computations. 

The flow of cooling gas was inter- 
rupted during data recording. The 
graph above left presents an ideal- 
ized trace of calorimeter heating 


rate versus disk temperature. The 
heat-transfer coefficient, h, is ob- 
tained from the negative slope of 
the curve, and the intercept at zero 
heating rate is defined as its recov- 
ery temperature. However, the 
heat-sink effect of the model base- 
plate surrounding the calorimeter 
creates an uncertainty in this analy- 
sis of the data because of noniso- 
thermal wall effects. 17 

If the flow in the base region 
passes over the baseplate before 
passing over the calorimeter, a sub- 
stantial temperature gradient can 



HEAT-SINK EFFECTS of Saturn-model baseplate. 


be imposed upon the flow by the 
heat-sink effect of the baseplate. 
The graph here above gives a typi- 
cal temperature profile normal to 
the baseplate of the Saturn model. 
Since the baseplate surface ap- 
proaches an equilibrium tempera- 
ture much more slowly than does 
the calorimeter disk, the recovery 
temperature of the disk may be less 
than the true value of base gas tem- 
perature. The magnitude of this 
discrepancy will depend upon the 
flow angularity approaching the cal- 
orimeter (which may differ in vari- 
ous regions of the base), on the mag- 
nitude of the temperature gradient 
produced by the heat-sink effect of 
the baseplate, and on the calorim- 
eter dimensions. It will be greater 
if the flow approaching the calorim- 
eter is parallel to the baseplate, and 
if the temperature gradient pro- 
duced by the baseplate is large, and 
if the diameter of the calorimeter 
disk is small. A large difference in 
temperature between the baseplate 
and the calorimeter can also influ- 
ence the magnitude of the heat- 
transfer coefficient; but it was de- 
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termined that, for the temperatures 
encountered in normal model opera- 
tion, this effect on h was small. 

During the Saturn test, it was 
determined that the cooling purge 
was not entirely successful in pre- 
venting the formation of the de- 
posits encountered during engine 
startup, and that these deposits had 
an appreciable effect on the calorim- 
eter data when high heating rates 
were encountered. This effect is 
illustrated at right for the center 
star calorimeter of the Saturn 
model. The deposits sharply re- 
duced the calorimeter heating rates, 
and only by repeated cycling of the 
calorimeter disk to high tempera- 
tures (by means of the cooling gas 
purge) during a given firing of the 
engines could useful data be ob- 
tained, for example cycle 3 in the 
graph above right. 

Saturn Base Heating Results. 
Peripheral and center star base 
heating data for one of the Saturn- 
model configurations are shown in 
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the two adjacent graphs. Heat- 
flux rates all correspond to a cal- 
orimeter disk temperature of 560 R. 
These results show reasonably con- 
sistent trends. To obtain data of 
this nature, however, many lox-JP 
rocket engines were tested prior to 
tunnel installation, and only those 
with sufficiently high engine effi- 
ciency (c* greater than 5200 fps) 
were installed in the model. In ad- 
dition, the injector pressure drops 
of the engines were closely matched, 
since several engines were mani- 
folded to a lox and a JP supply line. 
If these requirements were not care- 
fully observed, the base heating re- 
sults were greatly influenced by 
base burning peculiar to that spe- 


cific combination of eight engines 
installed in the model. More than 
200 engines were used in the 
program. 
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EFFECT OF CALORIMETER CYCLING during continuous 
rocket operation: Saturn center-star location. 


The reliable measurements indi- 
cated peak heating rates of about 
40 Btu/ft 2 /sec occurred in the open 
areas of the peripheral region of 
the base at Mach 0.8. This condi- 
tion corresponded to the highest 
aerodynamic q region of tunnel op- 
eration, and hence the highest base 
pressure. As indicated by the re- 
covery temperatures in the graph 
at the left, base burning occurred 
in these regions. The sheltered re- 
gion between the outboard engine 
and the fuselage fairing experi- 
enced low heating rates and low re- 
covery temperatures at all condi- 
tions. The restricting affect of the 
curved passage between engine and 
wall probably minimized flow cir- 
culation ; but the quenching effect of 
the watercooled motor must also 
have contributed to this low heat- 
ing rate. 

The center star heating rates 
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CENTER-STAR HEATING of Saturn model. 


were generally quite comparable to 
the open periphery regions until 
sufficient nozzle pressure ratio was 
attained to cause jet-jet interaction 


and intense reverse flow of the jet 
gases. As shown in the graph at 
bottom the heating rates increased 
with free-stream Mach numbers 
(actually corresponding to an in- 
creased jet pressure ratio) and 
would be expected to reach a con- 
stant value at some higher Mach 
number when choking of the pas- 
sage between the four jets would 
occur, thereby isolating this region 
from further ambient effects. 

Future Role of Small-Scale Base 
Heating Tests . Although Lewis has 
not been engaged in full-scale flight 
tests of missile base heating, several 
small-scale models of flight vehicles 
have been tested in the Lewis tun- 
nels. Correlation of model and 
flight heating data generally have 
not been good, particularly for the 
four- and eight- jet geometries. A 
part of this discrepancy may be 
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heat transfer coefficient 

M 

= 

Mach number 

O/F 

= 

oxidant to fuel weight 



flow ratio 

P 

= 

total pressure 
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static pressure 
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total temperature 
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jet 


due to instrumentation difficulties, 
which obviously are even more se- 
vere on a flight than on a wind-tun- 
nel model; but it is apparent that 
the major differences were due to 
inadequate simulation of the many 
parameters affecting base heating. 

Future small-scale base heating 
tests must therefore be planned very 
carefully, and the limitations of 
small-scale tests must be recognized. 
A carefully planned model test can 
determine recirculation heating 
rates, with due regard to simulation 
of the jet temperature profile and 
the baseplate heat-sink effects; ef- 
fectiveness of aerodynamic tech- 
niques of preventing base heating 
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♦ rom occurring, for example, cool- 
ing-air scoops or turbine-exhaust 
discharge stacks; and effects of 
model configuration on base pres- 
sure distribution. Small scale 
models are extremely limited in es- 
tablishing flammability limits of 
base burning resulting from fuel 
entrainment, base heating rates in 
the presence of irregular base burn- 
ing, or radiant heating rates. 

The need continues for small- 
.-cale data to aid in the design of 
flight boosters. Small-scale tests, 
however, must be carefully planned 
■ in d results carefully interpreted to 
avoid misleading information. Al- 
though improved testing techniques 
are necessary, much can be achieved 
through the careful instrumenta- 
tion of full-scale flight vehicles. 
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Tempilstik 0 The most widely 
used Tempil 0 product for determin- 
ing temperatures . . . Marks like a 
crayon on workpiece-melts when 
specified temperature is reached. 
Response delay: of the order of a 
millisecond. 


In imaginative approaches to problems of motion, 
guidance and communication in the expanding 
dimensions of space, a simple device can often 
play an elegant role. Thus, TEMPIL® temperature 
indicating products can frequently be employed 
when thermometry or pyrometry proves to be less 
convenient. 

TEMPILSTIK® temperature indicating crayons and 
other TEMPIL® products have found many appli- 
cations in the development of missiles and in the 
exploration of space. A few of them are: 



Tenpilaq 0 A quick drying coat- 
ing - for application to glass and 
other smooth surfaces. Dries to 
“mat” finish . . . melts when spe- 
cified temperature is reached— re- 
mains glossy on cooling. Response 
delay: a few milliseconds for a 
thin coating. 


• Monitoring safe operating temperatures of 
electronic parts and assemblies. 

• Supplying reliable fusible components for 
thermally actuated devices. 

• Controlling the preheating and stress re- 
lieving temperatures in welding operations. 

• Maintaining optimum temperatures in the 
fabrication of massive structures. 

• Determining temperatures in nuclear re- 
actor operations. 



Establishing skin and exhaust temperatures 
of jet engines and rockets. 

Providing refractory high emittance coat- 
ings for space probes and vehicles. 


Tempil® Pellets For heating 
of long duration or when observa- 
tion must be at a distance, as in 
a furnace. First evidence of melt- 
ing constitutes temperature signal. 
Response delay: of the order of 
seconds-depends on rate of heat 
input and conditions of observation. 


For technical assistance or samples for evaluation 
please make your request on your company or 
official stationery. 


Tempil 

132 West 22nd Street 
TWX: 212-640-5478 


CORPORATION 

• New York 1 1, N.Y. 

• Phone: ORegon 5-6610 
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